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A FACTOR FROM NORMAL TISSUES INHIBITING TUMOR 

GROWTH* 

By JAMES B. MURPHY, M.D., and ERNEST STURM 
{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, June 21, 1934) 

A factor has been demonstrated in certain tumors of the fowl which 
has a definite inhibiting or neutralizing action on the transmitting 
agents of these tumors (1). It has proved to be non-specific in its 
effect, as shown by the fact that it will slow down or actually prevent 
the growth of a mouse sarcoma (2). It has been suggested that this 
factor may be related to the control or balancing mechanism of normal 
cells. The present paper is a report of an investigation designed to 
test the p>ossible presence of a growth-inhibiting factor in active normal 
tissues (3). 

It might be expected that tissues with the greatest growth energy 
would require a greater concentration of the hypothetical balancing 
factor to insure controlled and regulated growth. Therefore, the 
embryonic tissues have been utilized as the main source of material 
investigated. 

Material and Method 

Several strains of standard transplantable mouse tumors have served as the 
medium on which the growth-inhibiting factors were tested, the principal ones 
being the Bashford Adenocarcinoma No. 63, Carcinoma 48, and Sarcoma 180. 

Following the method which had given the best yield of the inhibiting substance 
from the fowl tumors, desiccates of the tissue were employed. The tissues or 
organs to be studied were removed, minced finely, spread in a thin layer, and 
placed immediately in a vacuum jar over sulfuric acid. After being evacuated 
down to about 1 mm. mercury the container was placed in a freezing box and 
allowed to remain until desiccation was complete. The dry flakes were ground to a 
fine powder and stored in sealed tubes at ice box temperature until used. The 
test solutions were prepared by thoroughly extracting 0.1 gm. of the desiccate with 
2 cc. of water, by pumping back and forth in a syringe through a coarse needle. 


* This investigation was carried out under the Rutherford Donation. 

1 


j&wpriftl A4. . uitural EeBeu.re]x 



2 


FACTOR INHIBITING TUMOR GROWTH 


The larger particles were centrifuged out and generally the supernatant fluid was 
heated at 48®C. for 30 minutes. The Bashford tumor was cut into generous sized 
grafts and these were nicked in several places to give a greater area of exposed 
surface. Half of these were placed in the test solution and half in normal salt 
solution. The time of contact was only that required for loading the grafts into 
trocars. A certain amount of the extract was carried along with the inoculated 
material. With No. 48 and the sarcoma, cell suspensions were gejnerally used for 
inoculation. These were prepared by pressing the tumor through a flne wire mesh, 
and half of the Brei was suspended in the tissue extract and the other half in normal 


TABLE I 

Efect of Extracts of Mouse Placenta and Embryo Skin on Mouse Tumor Bashford 63 


Material inoculated with Bashford 

No. of 
experi¬ 
ments 

No. of 
mice 

No. of 

Average size 

No. 

Per cent 

tumor graft 

inocu¬ 

lated 

tumors 

of tumors 

negative 

negative 

Extract of dry mouse placenta 



91 

cm, 

1.02x0.82 

134 

59.6 

Salt solution (grafts inoculated 



163 

1.43x1.10 

48 

22.7 

in same animals as above) 
Salt solution (grafts inoculated 

19 

no 

109 

1.73x1.36 

18 

16.4 

in other animals) 







Extract of dry embryo skin 


144 

64 

1.09x0.97 

80 

55.5 

Salt solution (grafts inoculated 


84 

66 

1.38x1.08 

18 

21.4 

in same animals as above) 
Salt solution (grafts inoculated 

10 

90 

69 

1.66x1.36 

25 

27.7 

in other animals) 







Extract of fresh placenta or 


79 

56 


23 

29.1 

embryo skin 

Salt solution 

8 

70 

40 


30 

40.2 


salt solution in a ratio of 1:1 between cells and suspending fluid. From 0.05 to 
0.1 cc. of these suspensions were injected. In order to secure a more complete 
check each animal inoculated with the tumor and tissue extract in one groin 
received the control inoculation of the tumor in salt solution in the other groin. ^ 
Besides these controls additional animals were frequently inoculated in both groins 
with the same tumor material in salt solution. 


^ It was perhaps not sufficiently emphasized in our earlier papers on the inhib¬ 
itors in the fowl tumors that the test and the control materials were both in¬ 
oculated in each fowl, using the intradermal site where accurate measurements 
may be obtained. By having each test controlled in the same animal the natural 
variation in degree of susceptibility is eliminated in judging the results. 
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The Effect of Homologous Tissue Extracts on the Growth of Transplant^ 

able Tumors 

The first investigation was carried out with various homologous 
tissues, but only two strains of tumors were used as indicators. 

Experiment ,—Fresh tissues were utilized for the earlier experiments and they 
included fresh mouse placenta, embryo skin, and skinless embryos, with the 
extracts both heated and unheated. These extracts tested by 222 inoculations of 
the Bashford 63 failed to show any detectable effect on either the number of takes 
or the growth rates of the resulting tumors. Likewise, extracts of desiccated 
skinless embryos and mouse blood, tested by 102 inoculations of the same tumor, 
showed no influence on the resulting tumors as compared with the controls. 

The major experiments were directed towards testing extracts of desiccated 
mouse placenta and embryo skin, as preliminary tests had indicated an effect on 
tumors by extracts of these two tissues. 

The methods used were those described above. The length of contact between 
the tumor graft and the solutions was at the maximum 20 minutes. As the heat¬ 
ing of the extract at 48®C. for 30 minutes had no material effect on the result all 
of the experimental results are grouped together. In the majority of instances 
the control material of tumor immersed in salt solution for a corresponding time 
was inoculated into the same animal, as well as in other animals. The results, 
including the average size of the tumor, are given in Table I. 

The outcome of a typical experiment is shown in Text-fig. 1. 

A similar test was carried out on the effect of the embryo skin and 
placenta extracts on Mouse Sarcoma 180. The results of these are 
given in Table II. 

The extracts of desiccated mouse placenta and mouse embryo skin 
give evidence of inhibiting the growth of the Bashford Mouse Tumor 
63. The test involved 369 inoculations controlled by 495 inoculations 
of the same tumor and the effect is shown not only by the material 
reduction in the number of takes of the treated grafts but by the slow 
rate of growth of such tumors as were not completely suppressed. In 
fact there were very few instances in which the tumor arising from the 
treated graft was not definitely smaller than that from the control 
graft inoculated into the same animal. There was an absolute failure 
of extracts prepared from fresh placenta or embryo skin to produce 
any effect on the growth of this tumor. The Mouse Sarcoma 180 
which was definitely retarded by the inhibitor from chicken tumors (2) 
was unaffected by extracts either from fresh or desiccated mouse 
tissues. 
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Baehford grafts 
+ 

mouse placenta salt 

Bashford grafts 
+ 

mouse embryo salt 

1 

extract 

Right groin 

solution 

Left groin 

skin extract 

Right groin 

solution 

Left groin 

2 

- 

- 

- 

- 

3 

- 

- 

— 

- 

4 

- 

# 
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- 

6 

- 

• 

— 

— 

6 

— 

• 

— 

♦ 

7 
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- 

# 

— 
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9 

- 

. # 

— 

• 

10 
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# 

11 

- 
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12 
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13 

- 

A 
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14 

• 

• 

# 


13 

m 


m 

# 

10 

# 


• 

• 

17 

• 


• 

# 

18 

• 


• 


19 

• 


• 

# 

20 

• 

• 

• 

• 


09 pep cent 
negative 

15 per cent 
negative 

60 percent 
negative 

26 per cent 
negative 


Additional 

controls 



Both groins 


# 





20 per cent 
negative 


Text-E[G. 1. Effect of homologous tissue extracts on mouse tumor. 


Attempts to Indwe General Resistance 

While there is nothing in the above described experiments to suggest 
that the results are in any way connected with the well known induced 
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resistance to transplantable tumors, it seemed advisable to test this 
point. The method by which this resistant state brought about is 

TABLE n 


Effect of Homologous Tissue Extracts on Mouse Sarcoma 180 


Material inoculated with Mouse 
Tumor 180 

No. of 
experi¬ 
ments 

No. of 
mice 
inocu¬ 
lated 

No. of 
tumors 

Average size 
of tumors 

No. 

negative 

Per cent 
negative 

Extract of dry mouse placenta 

10 

86 

85 

cm. 

2.05x1.75 

1 

1.2 

Salt solution 

69 

69 

2.20x1.90 

0 

0.0 

Extract of dry embryo skin 

c 

49 

49 

1.70x1.30 

0 


Salt solution 

o 

SO 

50 

1.70x1.20 

0 

0.0 

Extract of fresh placenta 

o 

12 

12 

1.80x1.55 



Salt solution 

L 

12 

12 

2.10x1.70 

0 

0.0 

Extract of dry skinless embryo 


59 

59 

2.35x1.85 

0 

0.0 

Salt solution 

/ 

47 

47 

2.55x2.15 

1 


Extract of fresh skinless embryo 

9 

12 

12 

2.20x1.00 

0 

0.0 

Salt solution 

A 

12 

12 

2.10x1.70 

1 

0.0 


TABLE m 

Effect of Previous Injection of Tissue Extracts on the Growth of Tumors 



No. of 
experi¬ 
ments 

No. of 
mice inocu¬ 
lated 

No. 

negative 

Per cent 
negative 

0.2 cc. placenta or embryo skin extract in¬ 
jected 7 days prior to inoculation of Bash- 
ford tumor 

4 

44 

14 

31.8 

Bashford tumor alone (control) 


34 

8 

23.5 

0.2 cc. placenta of embryo skin extract in¬ 
jected 7 days prior to inoculation of Sar¬ 
coma 180 

2 

12 

1 

8.3 

Sarcoma 180 alone (control) 


18 

0 

0.0 


the injection of homologous living normal cells into the animal 7 to 
10 days prior to the inoculation of the tumor. 

Experiment.— on four experiments, 44 mice were given subcutaneously 
0.2 cc. of either an extract of dry placenta or dry embryo skin, and 7 days later 
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these mice were inoculated with grafts of the Bashford tumor. At the same time 
34 controls were inoculated with the same tumor. A similar experiment was 
carried out on mice subsequently inoculated with Sarcoma 180. The results of 
these tests are given in Table III. 

There is no evidence from these experiments that extracts of 
desiccated placenta or embryo skin induce a subsequent general 
resistance to inoculated tumor. 


TABLE IV 

Effect of Heterologous Tissue Extracts on the Bashford Tumor 


Material inoculated with Bashford 63 

No. of 
experi¬ 
ments 

No. of 
mice 
inocu¬ 
lated 

No. of 
tumors 

Average siae 
of tumors 

No. 

negative 

Per cent 
negative 

Extract of desiccated rabbit 


68 

23 

cm. 

1.52x1.30 

45 

66.2 

placenta 

Salt solution 

6 

68 

47 

1.97x1.40 

21 

30.9 

Extract of desiccated rat 


59 

17 

1.10x0.90 

42 

71.1 

placenta 

S(dt solution 

5 

59 

43 

1.60x1.20 

16 

27.1 

Extract of desiccated rat em¬ 


40 

18 

0.90x0.70 

22 

55.0 

bryo skin 

Salt solution 

4 

40 

26 

1.40x1.00 

12 

30.0 

Extract of fresh rabbit placenta 

9 

17 

14 

1.32x0.95 


17.6 

Salt solution 


17 

13 

1.30x1.05 


23.5 


Inhibiting Action of Heterologous Tissue Extracts 

As noted above, the inhibitors from chicken sarcomas are not species 
limited in their action, as shown by their effect on mouse sarcoma. 
In the next group of experiments we tested heterologous tissue extracts 
on transplantable mouse tumors. 

Experiment .—^In a series of 293 inoculations, controlled by 283 inoculations, the 
following heterologous tissue extracts showed no very definite effect on either the 
Bashford Tumor 63 or Carcinoma 48; desiccated and fresh calf thymus, desiccated 
kidney and spleen of the rat and rabbit, early and term human placenta, and early 
cow, rabbit, and hog placenta. 

The main experiments were tests of rat and rabbit placenta and rat embryo 
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skin. The methods employed were those described above. The materials were 
collected during the later stages of pregnancy. The data from tests on Bashford 
tumor grafts are given in Table IV, and for cell suspensions of Tumor 48 in Table 
V. The results of a t5rpical experiment are shown in Text-fig. 2. 

The inhibiting action of rat placenta and embryo skin and of rabbit 
placenta is quite definite. As in the case of the homologous tissues 
the action is manifest not only by the complete suppression of growth 
in a high percentage, but where the suppression was not complete 
the growth rate of the resulting tumors was almost invariably dis¬ 
tinctly slower than that shown by the control grafts in the same 

TABLE V 


Effect of Heterologous Tissue Extracts on Mouse Carcinoma 48 


Material inoculated with cell suspen¬ 
sion of Mouse Tumor 180 

No. of 
experi¬ 
ments 

No. of 
mice 
inocu¬ 
lated 

No. of 
tumors 

Average size 
of tumors 

No. 

^negative 

Per cent 
negative 

Extract of desiccated rabbit 


275 

114 

cm, 

1.19x0.92 

161 

58.5 

placenta 

Sdt solution 

28 

275 

220 

1.58x1.14 

55 

20.0 

Extract of desiccated rat 


20 

7 

1.40x1.00 

13 

65.0 

placenta 

Salt solution 

2 

20 

14 

1.50x1.10 

6 

30.0 


animals. These points are well shown by Text-fig. 2. The failure of 
the extracts of fresh tissue are just as evident with heterologous as 
with homologous tissues. There was no definite effect from extracts 
of desiccated early cow, hog, or human placentas or from human 
placentas at term. 

The Effect of Age of Placenta on Inhibiting Action 

The absence of any very definite inhibiting action of the extracts 
of early hog, cow, and human placentas and of human placentas at 
term opened the question as to whether this was due to the gap be¬ 
tween the species or to the age of the placentas. We had some 
preliminary evidence that early stages of rabbit placenta were not 
active, while the later stages were active. On the basis of this evidence 
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of a possible bearing of the age of the placenta on its inhibiting action, 
a systematic investigation of the point was taken up. 

Experiments .—Rabbit placentas were collected at the 12th, 15th, 19th, 22nd, 
26th, and 28th day of pregnancy (30 day term) and prepared in the way described 
above. The extracts of the desiccates were tested on Mouse Tumor 48 in the 
usual way, with control inoculations of the tumor suspension in salt solution into 


House Tumor 48 ce% 
+ + 

ret placeatd salt 

extract solution 


House Tumor 48 ceils 
+ + 

12 dey rabbit salt 

placenta extract solution 


Additional 
controls 
Mbtiae 48 cells 
salt solution 


1 

Right groin 

Left ^roin 

Right groin 

Left groin 

2 

3 



•• 

• 

4 

— 

• 

— 

• 

3 

— 

• 

— 

• 

6 

— 

• 

— 

• 

7 

— 

• 

• 

# 

8 

— 


• 


9 

• 

# 

• 


10 

• 


• 

• 


80 pep cent 

30 pep cent 

60 percent 

20 per cent 


negative 

negative 

negative 

negative 



10 per cent 
negative 


Text-Fig. 2. Effect of heterologous placenta extract on mouse carcinoma 
cells. 


the same animals. The results of this test, based on 490 inoculations, are shown 
in Text-fig. 3. The data for the early stage placentas which were inactive are not 
included. 

In the light of the above described results it would appear that the 
lack of inhibiting property encountered in the early cow, hog, and 
human placenta and term human placenta was probably due to the age 
of the organ rather than to the difference in species.* No doubt the 

* Tests on cow placentas between the 7th and 8th month of pregnancy are in 
progress. The present indications are that appreciable amounts of the inhibiting 
factor are present. 
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cent 



Age of placenta 


(Based on 490 inoculattone} 


Text-FIo. 3 
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curve as represented in Text-fig. 3 might be modified by an increased 
number of tests, but a sufficient number are available to establish the 
main points. There seems no immediate explanation in the sudden 
drop between the 26th and 28th da 3 rs, 2 days before term. 

DISCUSSION 

This investigation was undertaken on the hypothesis that the 
balanced state and orderly growth of normal cells is maintained by 
the interaction of two forces, one which stimulates growth and the 
other which retards it. Under this hypothesis the break in the balance 
between the factors, either the loss of the retarding or the accumula¬ 
tion of the stimulating factor, would lead to uncontrolled growth. 
While the reported results demonstrate the presence of a retarding 
factor when the extracts of certain active tissues are tested against 
transplantable cancer—a fact which would seem to support the hy¬ 
pothesis—the question raised is far too complex to justify such a con¬ 
clusion yet. Nor do we consider that there is sufficient evidence to 
show that the inhibitor from normal tissues is of the same order or 
acts in the same manner as the inhibitor isolated from certain fowl 
tumors. However, there are points of probable significance. The 
inhibitor from the fowl tumors could be demonstrated only in extracts 
from desiccated tumors, and the normal tissue factor is evident only 
in desiccates of placenta and embryo skin. With both materials their 
action is not species limited but appears to be tissue limited, the factor 
from chicken tumors acting only on sarcomas, and that from placenta 
and skin only on carcinomas. This specificity of action and the fact 
that the inhibitors are not demonstrable in extracts of fresh tissues 
are taken as evidence that they are not simply proteolytic enzymes or 
some other substance generally injurious to cells. 

The explanation of the release of the inhibitor factor by desiccation 
of the tissues is not evident. It may be that in the tissues it is closely 
associated with the growth factor which neutralizes its action, and only 
becomes demonstrable when it is dissociated from the combination 
through desiccation. 

Before the hypothesis suggested can be seriously entertained, the 
premise that normal cell balance is maintained by the interaction of 
two forces must be established. While there is a suggestion of some 
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such mechanism in the work of Spemann (4) and others the principle 
is still far from being established. 

SUMMARY 

Extracts of desiccated embryo skin and placenta have been found to 
exert a definite retarding action on the growth of two transplantable 
carcinomas of mice, but they were without effect on sarcomas. In 
tests involving some 828 inoculations of the tumor cells and the ex¬ 
tracts, complete suppression of growth occurred in from 55 to 71 per 
cent of instances, as compared with 21 to 27 per cent in the controls, 
and where growth was not completely suppressed some retardation 
was found in practically every instance. To judge from findings in 
rabbits the inhibitor is not demonstrable in the placenta until the 
beginning of the second third of pregnancy, reaches its maximum by 
the last third, but disappears about 2 or 3 days before term. Extracts 
of fresh placenta are without effect, and no very definite inhibition 
was noted in extracts of a variety of other desiccated or fresh tissues. 
The conclusions here reported are based on the results of over 3800 
inoculations. 
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THE EFFECT OF A GROWTH-RETARDING FACTOR FROM 
NORMAL TISSUES ON SPONTANEOUS CANCER OF 

MICE* 

By JAMES B. MURPHY, M.D., and ERNEST STURM 
{From the Laboratories of The Rockefeller Irtslituie for Medical Research) 
(Received for publication, June 21,1934) 

Extracts of placenta and embryo skin have a definite inhibiting 
action on the growth of transplantable cancers of mice (1). The 
absence of any effect of these materials on sarcomas, and the finding 
that the inhibiting factor isolated from certain fowl tumors acts on 
sarcomas and not on carcinomas, suggested a degree of tissue specificity 
for these factors. The attempt to establish a principle applying to 
cancer in general on evidence derived from the transplantable tumors 
only leaves something to be desired, for these tumors always represent 
cells foreign to the host that maintains them. Therefore, we have 
deemed it necessary to test the above mentioned factor on the spon¬ 
taneous or natural cancers made up of malignant cells derived from 
the animal’s own tissues (2). 

The piammary tumors of mice have been studied because of the 
number available as by-products of the genetic studies, and because 
of the extensive data available on the natural history of these neo¬ 
plasms. There is a surprising uniformity in the figures published by 
different investigators, using different strains of mice, on such points 
as the growth of autografts, local recurrence following surgical removal, 
spontaneous retrogression, and multiple foci of malignant change. In 
the present communication a repiort will be made on both the local and 
general effect upon these natural cancers of inhibiting materials that 
are known to act on transplanted tumors. 

Materials 

The tumor mice utilized came from three principal sources, and were from 
several strains. The largest number were from the general breeding room of 


• This investigation was carried out under the Rutherford Donation. 
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The Rockefeller Institute, where the stock of Swiss origin is inbred though not a 
pure line strain. Figures for the tumor rate, while known to be high, cannot be 
accurately determined by the available records. The second source was our 
genetic breeding room, where the mammary tumor strains are descendents of the 
original Abbe Lathrop stock. The third source, and the second largest, was the 
Roscoe Jackson Memorial Laboratory, and the animals came from several strains 
of high tumor incidence. The size of the tumors at the time that the mice were 
sent into the laboratory was rarely under 1.0 x 0.9 cm. and rarely over 1.8 x 1.5 cm. 
About 29 per cent of the animals had more than one primary tumor. 

The extracts of mouse placenta and embryo skin were prepared in the manner 
described in earlier publications. The material, collected during the latter part of 
pregnancy, was minced, spread in a thin layer, and placed in a vacuum jar over 
sulfuric acid. After evacuation it was kept in the freezing box until desiccation 
was complete. The finely powdered material was thoroughly extracted with 
water (0.1 gm. to 1 cc.) and centrifuged. The supernatant fluid was used for the 
tests. 

Effect of the Extracts on Local Postoperative Recurrence 

The early invasion of the skin or deeper tissues by mammary cancer 
in mice is unusual. Probably owing to the looseness of the tissues, 
the tumors grow as more or less discrete masses in the subcutaneous 
tissue and can be easily separated. In spite of the apparent dis¬ 
creteness of the masses and the removal of all immediately adjacent 
normal tissue, local recurrence is not uncommon. The first tests were 
on the effect of the inhibiting extract on this manifestation. 

• 

Experiment ,—^The group was composed of 58 tumors removed and the wound 
bathed with embryo skin extract and 100 tumors removed and the operative field 
similarly treated with placenta extract. The operation consisted of a radical 
removal from the etherized animal of the tumor and adjacent tissue, under aseptic 
precautions. After the wound was sutured, from 0.05 to 0.2 cc. of the tumor 
extract, depending on the size of the wound, was injected into the area and then it 
was sealed with collodion to prevent leakage. In the controls collodion was used 
in the same way. There was rarely any evidence of infection and healing took 
place promptly. No further treatments were given and the animals were kept 
under close observation until their death. Diagnosis was made by sections of the 
original tumors and any nodules found at autopsy were removed and also sec¬ 
tioned. No animals were included as negative for local recurrence unless they 
siuvived over 5 weeks. The average length of life after operation was approxi¬ 
mately 3 months for the group. 

The results are shown in Table I, which for comparison includes 
our control series in which the tumors were removed without other 
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treatment, two earlier series from this laboratory, and two groups 
reported by other investigators. 

The recurrence rate following operative removal of mouse cancers 
reported by different investigators with different strains of mice is 
remarkably constant, the maximum variation between the groups 
being from 46.2 per cent to 54.0 per cent. The constancy of these 
figures gives even greater significance to the evidence of suppression 

TABLE I 


Local Recurrence Following Operation 



No. operated 

No. recurred 

Percentage 

recurrence 

Controls 

Murray*. 

48 

23 

47.9 

Haalandf... 

174 

96 

54.0 

Murphy and Morton|. 

39 

18 

46.2 

Nakahara§. 

50 

26 

52.0 

Present series. 

144 

69 

47.9 


Total controls. 

455 

232 

50.9 

Placenta treated. 

100 

6 

6.0 

Embryo skin treated. 

59 

. 15 

25.9 



* Murray, J. A., 3rd Scient. Rep. Inv. Imp. Cancer Research Fund, London, 
1908, 69. 

fHaaland, M., 4th Scient. Rep. Inv. Imp. Cancer Research Fund, London, 
1911, 1. 

t Murphy, Jas. B., and Morton, J. J., J. Exp. Med., 1915,22,800. 

§ Nakahara, W., J. Exp. Med., 1925,41, 347. 


of local recurrence by the two tissue extracts, particularly by placenta 
extract. While the figures for skin extract show a significant reduction 
over the expected recurrence rate it is doubtful if this represents the 
full potency of the material. The larger number of recurrences in this 
group took place in a lot of animals treated with a single preparation 
which was probably inactive; but this was not evident xmtil too late 
to make further tests to establish the point. There seems no doubt 
that there is a definite reduction in local recurrence due to the treat¬ 
ment of the operative field with the tissue extracts. 
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The Influence of the Tissue Extracts on the Fate of Autografts from 

Spontaneous Tumors 

The autograft of a spontaneous tumor may be considered as an 
artificial metastasis and as such might be expected to grow in practi¬ 
cally every instance. As a matter of fact, the percentage of takes is 
so high that it is probable that the failures are due to accidental loss 
of the graft through extrusion or destruction by local infection. 

Experiments .—^The experimental group for this test consisted of 111 
mice with spontaneous mammary cancer. The primary tiunors were 
removed surgically, and from the outer surface two large sized grafts 
were cut out. One of these was immersed for a few moments in one 
of the test fluids and the other in Ringer’s solution for the same length 
of time. The two grafts were then reinoculated into opposite sides 
of the host of origin. The operation wound was also treated with the 
tissue extract. No further treatment was given to these animals 
and they were kept under observation for their duration of life. The 
diagnosis of the original tumors and the fates of the autografts were 
confirmed by microscopic sections. 

The results are presented in two wa 5 rs for better comparison. In 
Table II the figures are given for takes of the treated and imtreated 
autografts in the same animals. Table III shows the figures for the 
untreated autografts compared with a larger munber of controls in 
which autografts had been returned to animab without treatment of 
the animal or graft. 

The figures for the growth of autografts collected in this laboratory 
and those reported by others are remarkably uniform, with the greatest 
variation between groups of 1.9 per cent. The failure of takes in 10.9 
per cent and 18.5 per cent of the imtreated grafts inoculated into 
animals which had received a treated graft and whose wound had 
been flushed with one of the tissue extracts, suggested that there is a 
general effect from the local injections. Here, as with the first experi¬ 
ments, it is doubtful if the figures for the effect of embryo skin extract 
give the correct idea of the full strength of this factor. Most of the 
positive grafts occurred in a lot of mice treated with an extract which 
we have reason to believe was inactive as stated in the foregoing 
experiment. The results cannot be explained on a possible inter¬ 
ference between the double grafts. An analysis of an earlier un- 
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published study, in which 52 double autografts were made, showed 
that in 86.5 per cent both grew, and in only 7 per cent one grew and the 


TABLE II 

Effect oj Embryo Skin and Placenta Extracts on Autografts of Tumors 



No. which grew 

Per cent which 
grew 

Per cent 
doubtful or no 
growth 

46 tumors removed 




Autografts treated with embryo skin extract. 

29 

63.1 

36.9 

Autografts not treated. 

41 

89.1 

10.9 

65 tumors removed 




Autografts treated with placenta extract.... 

21 

32.3 

67.7 

Autografts not treated. 

53 

81.5 

18.5 

64 tumors removed 




Autografts, no treatment of graft or wound... 

62 

96.9 

3.1 



No. 

Per cent 

Autografts treated with embryo skin, negative or definitely 
smaller than control... 

33 

71.7 

Autografts treated with placenta, negative or definitely 
smaller than control. 

63 

96.9 


TABLE ni 
Growth of Autografts 



No. of 
autografts 

No. which grew 

Per cent which 
grew 

Controls 

Haaland*. 

62 

60 

96.9 

Murphy and Morton*. 

29 

28 

96.6 

Nakahara*. 

25 

24 

96.0 

Additional Rockefeller Institute series. 

202 

192 

95.0 

Total controb. 

318 

304 

95.6 

Placenta treated. 

65 

21 

32.3 

Embryo skin treated. 

46 

28 

60.9 


* For references see Table I. 


other did not. The retardation of growth of tumors resulting from 
the treated graft, where inhibition was not complete, was very evident. 
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The Distal Effect of Inhibiting Factors on Tumors 

The history of the established spontaneous cancers of mice, particu¬ 
larly the mammary tumors, has been studied by a munber of investi¬ 
gators. The most complete data are those collected by Haaland (3) 
based on 353 tumors and those by Woglom (4) based on 2000 tumors. 
Haaland found five, or 1.4 per cent which retrogressed more or less 
completely, while Woglom had only 0.8 per cent which did not show a 
progressive course. Our figures would be close to Woglom’s. We 
have not seen a well established tumor retrogress among the large 
number which have been followed in this laboratory. There was a 
suggestion of an effect on the control graft when the inhibiting extracts 
were injected into another part of the body, in the test just described. 
In the next experiments we have considered its possible action on an 
established primary tvunor when injected at a distance. 

Experiment .—In this group there were 142 primary tumors, 75 of which were 
treated by intraperitoneal injection of placenta extract and 67 with embryo skin 
extract. The injections of 1 cc. were made at weekly intervals, from six to fifteen 
injections, depending on the response of the tumor. A small piece was removed 
for diagnosis before the injections were started, in half the animals, and in the 
other half after the tumor had become stationary, or at autopsy. Otherwise the 
tumors were not interfered with. As there was no difference in the outcome of the 
treatments these animals were all grouped together. Weekly measurements were 
made and complete autopsies were performed at death. No tumors were included 
in the series unless the animal lived more than 5 weeks, except those dying as the 
result of growth of the tumors. The general health of the mice seemed unaffected 
by the treatment. 

The results are shown in Table IV. 

Among the two groups there were 45 tumors which continued to 
grow but apparently at a slower rate than in an untreated series. The 
average progress of 43 of these treated tumors in animals which lived 
for 4 weeks, compared with 41 of an untreated group is shown in Text- 
fig. 1. A comparison of this control group with a large number from 
earlier studies on growth rate shows this to be a fair average. 

The growth-inhibiting action of the two tissue extracts is evidenced 
by the fact that 67 per cent and 69 per cent of the two groups treated 
showed no further growth of the tumors after the injections had been 
begun, and may be considered to have lived out their normal span of 
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life, a number of the animals having survived over 6 months and two 
over a year. The tumors not completely stopped progressed at what 
appeared to be a slower rate than is usually shown by tumors of this 
t 3 ^e. The difference in effectiveness between the skin and placenta 
extracts is not marked here, for the use of an inactive preparation in 
one of a series of injections would not be so noticeable as in the first 
two experiments in which a single treatment was given. 


TABLE IV 

Effect of Embryo Skin and Placenta Extracts on Spontaneous Tumors 



No. of 
tumors 

Con¬ 

tinued 

growth 

Sta¬ 
tionary 
or slight 
retro¬ 
gression 

Marked 

retro¬ 

gression 

Complete 

absorp¬ 

tion 

Total 

showing 

inhibition 



per cent 

per cent 

per cent 

per cent 

per cent 

Treated with skin extract. 

67 

32.8 

28.4 

14.9 

23.9 


Treated with placenta extract. 

75 

30.7 

21.3 

26.7 

21.3 



Na 

Original size 

2vreete 

4\^eek5 

Controld 41 

LOO X 0.90 cm. 

140 X 1.25 cm. 

L62 X 1.50 cm. 


• 

• 

• 

Treated with 4^ 

L13 X 0193 cm. 

UT X 098 cm. 

L48 X li4 cm. 

aldn or placenta extract 
and groirth oontinued 

• 

• 

# 


Text-Fig. 1. The average growth rate of 43 spontaneous tumors in animals 
treated with placenta or embryo skin extracts, which continued growth after 
treatment, compared with the average growth rate of 41 untreated spontaneous 
tumors. 

The number of complete regressions, 32 out of 142 tumors making 
up the series (a percentage of 22.5) is striking when compared with the 
fate of tumors in untreated mice in which spontaneous absorption 
occurs in less than 1 per cent. Tumors showing temporary retrogres¬ 
sion followed by subsequent growth are not included among those 
classed as affected by the treatment. With untreated mice the rule 
is progressive growth until the death of the animal, but with consider¬ 
able variation in the growth rate of individual tiunors. Cessation of 
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growth for any great length of time is unusual,^ and retrogression to 
any marked degree is rarely seen. This experience is in agreement 
with Woglom’s report, in which among 2000 mice with spontaneous 
tumors thirteen retrogressed and three fluctuated in growth rate, or 
remained stationary in size. Thus 99.2 per cent of 2000 untreated 
spontaneous cancers of mice pursued their usual progressive course.^’ 

The Occurrence of New Primary Tumors in the Treated Groups 

It is well known that mice not uncommonly have multiple primary 
foci of malignant change in the mammary tissue, the reported figures 
on this condition yielding an average of about 18 per cent. Haaland 
(5) collected the first systematic laboratory data and found that after 
the animal was sent into the laboratory with at least one established 
primary tumor, some 35 per cent developed additional new tumors 
before death. It is of interest to analyze the figures for the groups of 
mice in the above described experiments subjected to treatment with 
placenta or embryo skin extracts from the point of view of the new 
tumors developed. 

Experiment ,—All of the animals in the foregoing experiments were followed 
closely for their duration of life, and the appearance of new tumors or the finding 
of them at autopsy was recorded. They may be considered in two groups; one in 
which the tumors were removed, the operative field treated with one of the extracts, 
and in which each animal received an autograft which had been immersed in one 
of the extracts; in the second group the tumors were not removed and the mice 
received weekly intraperitoneal injections of one of the extracts, the total number 
varying from six to fifteen. For controls we have two earlier series followed in this 
laboratory, a recent series the direct control for the present experimental groups, 
and the figures published by Haaland. The collected data are given in Table V. 

Here as with the other data collected from the studies of spontaneous 
cancer in mice, there is little variation between the figures collected by 
different investigators and from different strains. The incidence of 
new tumors in the untreated animals which had previously had one or 
more tumors, is 37.5 per cent, and the maximum spread between 
groups is from 32.0 to 43.0 per cent. Among the 210 treated mice the 
rate was 3.3 per cent, and in the 99 receiving several treatments only 

^ Slye believes that pregnancy retards the growth of spontaneous neoplasms in 
mice (Slye, M., /. Cancer Research, 1920, 6, 25), but as none of the mice in our 
series were pregnant this point need not be considered. 
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one new tumor developed, or a rate of about 1 per cent. These figures 
on the prevention of new foci of malignant change are as definite as 
those for the other points investigated. The study is being extended 
to cover the possibility of preventing the origin of a first tumor in 
mice of families normally showing a high tumor rate. The observa- 


TABLE V 

Development of New Tumors 



No. of tumor 
animals 

No. which 
developed new 
tumors 

Percentage 
which developed 
new tumors 

Controls 

Haaland*. 

209 

73 

35.0 

32.0 

Nakahara*. 

so 

16 

Early Rockefeller Institute series. 

138 

53 

38.5 

Present series. 

125 

54 

43.2 


Total controls . 

522 

196 

37.5 

Tumors removed 

One treatment skin extract. 

46 

3 

6.3 

One treatment placenta extract.. 

65 

3 

4.6 

Tumors not removed 

Several injections skin extract.. 

42 

1 

2.4 

Several injections placenta extract. 

57 

0 

0.0 

Total treated . 

210 

7 

3.3 




* For references see Table I. 


tion will include internal tumors as well as those of the mammary 
gland. 

Histological Study 

The tmnors composing the above described experimental material 
represent the usual types of mammary gland neoplasm. Histologi¬ 
cally those grafts or unoperated tumors which had been affected by 
the tissue extracts showed no striking change in their structure. The 
only prominent feature was the reduction or complete absence of 
mitotic figures in the tumors after treatment, compared with the 
biopsy sections. There was a suggestion of more differentiation in 
the treated tumors and some showed an increase in the connective 
tissue surrounding and invading the mass, but these differences were 
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not sufficiently uniform to justify a conclusion as to their importance. 
No increase in cellular reaction was noted about the grafts, but a 
systematic investigation of the early changes was not made. A more 
complete study is in progress. 

DISCUSSION 

There are so many gaps in our evidence that it is untimely to discuss 
the bearing of these results on the h5rpothesis outlined in the foregoing 
paper (1), which has served as a basis for the investigation. There is 
no direct evidence as yet that the factor or substance in embryo skin 
and placenta extracts is related to the hypothetical control mechanism 
for normal cells. The lack of any reaction on the part of the host and 
the fact that the inhibitors are effective when the tiunors are treated 
in vitro before reinoculation suggest that the action is a direct one on 
the cancer cells rather than a stimulation of the natural resistance 
mechanism of the body. Stimulation of the latter is the general 
interpretation accorded to the results obtained with generalized X-ray, 
dry heat, and fatty acids (6) which seem to represent an entirely differ¬ 
ent process from the action of the inhibitors. Our present impression 
is that the inhibitors affect directly the malignancy of the cell. How¬ 
ever, any even tentative conclusion must await a more definite under¬ 
standing of the control mechanism of normal cells. 

The findings as concerns the various points investigated, prevention 
of postoperative recurrence, growth of autografts, the stoppage of 
further growth of well established cancer, followed in many instances 
by absorption of the tumor, and the prevention of new foci of malig¬ 
nancy, all indicate a very definite and pronounced effect of the extract 
of embryo skin and placenta on the growth and development of 
malignant cells. There were no direct controls for this series in which 
other tissue extracts were utilized, for such extracts had shown no 
inhibiting effect on transplanted cancer. It was judged more impor¬ 
tant to test the two materials which had proved effective with the 
transplantable tumors on the largest possible number of spontaneous 
cancers. We have records of unsuccessful attempts to influence 
the growth of spontaneous tumors by injection of homologous and 
heterologous serum, red blood cells, and a variety of other protein 
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materials which would indicate that the present results are not due to 
some general non-specific reaction.* 

SUMMARY 

Extracts of desiccated homologous embryo skin and placenta de¬ 
crease markedly the rate of postoperative local recurrence after the 
surgical removal of spontaneous cancer of mice. Autografts after 
a short period of contact with these extracts either failed to grow, or, 
in the majority of instances, their subsequent growth was definitely 
retarded. Intraperitoneal injection of the extracts was followed by 
cessation of growth of established tumors in more than two-thirds of 
the animals treated, and among these many of the tumors regressed 
and over 20 per cent were completely absorbed. Tumor mice treated 
with either extract rarely developed new malignant foci, though this 
happened frequently in untreated mice. 
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* This statement is based on an unpublished study of a large series of sponta¬ 
neous tumors. No doubt other attempts of this sort have been made, and as 
negative results have not been reported. 




[Reprinted from The Jousnal or Experimental Medicine, September 1,1934, 
Vol. 60, No. 3, pp. 361-373] 


PROPERTIES OF THE CAUSATIVE AGENT OF A 
CHICKEN TUMOR 

DC. The Effect of Aqueous Extracts of Chicken Tumor I on 
Yeast Nucleic Acm* 

By DOUGLAS A. MacFADYEN, M.D. 

{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, June 21,1934) 

A component of the chromosomes and therefore intimately asso¬ 
ciated with the rate and rhythm of cell reproduction, nucleic acid is 
an interesting substrate for extracts of tumor material. The disin¬ 
tegration of nucleic acid by such extracts has been reported by several 
investigators including Somekawa (1), who observed that aqueous 
extracts of Chicken Tumor I caused a separation of purine derivatives 
from yeast nucleic acid, and Edlbacher and Kutscher (2), who claimed 
that mammalian tumors split phosphoric acid from thymus nucleic 
acid whereas extracts from Chicken Tumor I had little if any effect of 
this kind. 

A review on nucleic acids by Levene (3) led to the belief that these 
isolated observations, reported without tests for biological potency, 
might be correlated and extended, and to the opinion that an impor¬ 
tant structural characteristic of nucleic acid had been ignored; namely, 
that the arrangement of nitrogenous, sugar, and phosphoric acid groups 
is such that the ester bonds between component nucleotides must be 
broken to release more than one-quarter of its phosphoric acid and 
that they may be broken without release of inorganic phosphorus 
or of nitrogenous bases. This division of nucleic acid into its four 
nucleotides when the ester bonds are broken by enz 3 ane action may be 
called polynucleotidase activity.^ 

* This investigation was carried on under the Rutherford Donation. 

^ Levene and Dillon (4) use the same term for the release of an arbitrary amount 
of inorganic phosphorus in unit time from nucleic acid by an enzyme from intestinal 
juice. 
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The polynucleotidase and phosphatase activities of aqueous ea 
of Chicken Tumor I are reported in this paper with evidence d 
strating a relationship between two systems, polynucleotidase ac 
and associated inhibiting material, and tumor-inducing agent anc 
ciated inhibiting material. 


Methods 

As defined in the foregoing, pol 3 aiucleotidase activity is the division of: 
acid into its four component nucleotides and therefore the measurement 
activity depends on the separation of nucleic acid from nucleotides. This s 
tion was accomplished by precipitating nucleic acid at its iso-electric poii 
less than 2.0, with a solution of 1.25 gm. uranyl chloride in 10 per cent tr 
acetic acid. This mixture 3 delds a supernatant solution of nucleotides ai 
complex derivatives of nucleic acid which can be separated from the precipi 
intact nucleic acid by spinning the mixture in a centrifuge (9). 

As a source of such enz 3 nne activity various products of Chicken Tumor 
tested. These products were Berkefeld filtrates of fresh tumor material, ac 
extracts of desiccated tumor material, and the supernatant fluid obtain 
treating the aqueous extract with aluminum hydroxide Type C prepai 
described by WillsUltter and Kraut (5). The details of preparation of 
products may be found in the papers of Murphy and his associates (6) 
extracts used in the following experiments were prepared by extracting 1 gc 
tumor powder with 60 cc. distilled water, separating the insoluble matt 
spinning in a centrifuge at 1200 r.p.m. for 10 minutes, and decanting the s 
natant soluble substances. The aluminum supernatant fluids were prepar 
shaking a volume of aqueous extract with the gel from an equal volume of a 
num hydroxide Type C, spinning the mixture in a centrifuge at 1200 r.p.m. 
minutes, and decanting the supernatant fluid. This supernatant fluid is rei 
to as Sa. The concentration of chicken tumor substance in solution was ( 
mined by (hying 2 cc. of solution under reduced pressure in a desiccator conta 
concentrated sulfuric acid until the weight of dried material was constant. 

The disintegration of yeast nucleic acid was observed in mixtures contain 
volume, 1 to 5 cc., of chicken tumor product, 3 volumes of yeast nucleic ac 
0.15 M buffer solution, and 1 volume of an aqueous solution of phenol, 
mixture is called the digestion mixture throughout the paper. The buffers 
for pH’s of 5.0 to 7.0 were the sodiiun hydroxide-sodium citrate mixtures pre{ 
according to Clark (7), and for pH’s of 7.0 to 9.0 the sodium veronal-hychocl 
acid mixtures prepared according to Michaelis (8). The final concentratic 
nucleic acid was 1 to 4 per cent and of phenol was no greater than 0.3 per < 
The digestion mixtures, unboiled and boiled, were incubated in tubes with ru 
steppers at 37.5^C. until aliquots taken at regular intervals indicated that n 
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mum disintegration of nucleic acid had been attained. Each aliquot was examined 
bacteriologically by smear and by subculture on agar because the final concentra¬ 
tion of phenol was of low antiseptic power particularly for members of the aerobic, 
spore-bearing group of bacilli whose intensive disintegration of yeast nucleic acid 
is to be reported elsewhere with a more detailed description of the chemical 
methods (9). 

The products of disintegration of nucleic acid were separated from intact nucleic 
acid by the following procedure. 4 cc. samples of the digestion mixtures were 
pipetted into centrifuge tubes of 50 cc. capacity and to each sample was added 11 
cc. distilled water and 10 cc. of the precipitating reagent. The mixture was 
shaken vigorously for a few seconds and stirred thoroughly twice during a 10 
minute interval. The white flocculent precipitate was separated from the yellow 
supernatant fluid by spinning the mixture in a centrifuge at 900 r.p.m. for 3 
minutes. Then the supernatant fluid was decanted into a 50 cc. volumetric flask, 
and the precipitate was broken up with 10 cc. of precipitating solution previously 
diluted to 2/5 concentration with distilled water. Separation of the precipitate 
and supernatant was repeated twice as described and the three supernatants 
pooled and made up to 50 cc. with dilute precipitating reagent. The precipitate 
was dissolved in 25 cc. of n sodium carbonate. 

In this way two solutions were made available for analysis of nitrogen and of 
phosphorus. Total nitrogen was determined by the micro-Kjeldahl method of 
Van Slyke (10); inorganic phosphorus was determined by the colorimetric method 
of Leiboff (11); and total phosphorus was determined by a modification of the 
method of Leiboff (9). From these analyses of the two solutions the polynucleoti¬ 
dase and phosphatase activities were calculated by the use of appropriate factors. 

The estimations of enzyme activity were based on the structural formula of 
nucleic acid reported by Levene (3). Polynucleotidase activity was calculated, 
in terms of milligrams of nucleic acid disintegrated, by multiplying by 6.13 both 
the increase of total nitrogen soluble in the uranyl chloride supernatant fluid and 
the decrease of total nitrogen in the uranyl chloride precipitate, and by multiply¬ 
ing by 10.38 both the increase of total phosphorus in the uranyl chloride super¬ 
natant and the decrease of total phosphorus in the uranyl chloride precipitate. 
Similarly phosphatase activity was calculated, in terms of milligrams of nucleic 
acid disintegrated to release inorganic phosphorus, by multiplying by 10.38 the 
inorganic phosphorus soluble in the uranyl chloride supernatant fluid. The 
factor 6.13 is the ratio of the molecular weight of yeast nucleic acid to the weight of 
15 atoms of nitrogen; t.e., 1287.5/210. The factor 10.38 is the ratio of the molec¬ 
ular weight of yeast nucleic acid to the weight of 4 atoms of phosphorus; t.e., 
1287.5/124.1. 

Except where stated each observation in the tables showing results is the 
difference of analysis of boiled digestion mixture from that of unboiled digestion 
mixture. 
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RESULTS 

Fifty aqueous extracts from different Chicken Tumor I powders 
have been investigated for hydrolysis of yeast nucleic acid: forty-four 
caused a disintegration of nucleic acid as considerable as that of 
chicken liver, kidney, spleen, and much more considerable than that of 
muscle. The other six extracts caused little or no disintegration of 
nucleic acid for reasons possibly associated with their pathological 
character; i.c., the induction or inhibition of tumor growth. 

Variations in the tumor-inducing power of different Chicken Tumor I powders 
have been noted by Murphy and Sturm (12), who classify the pathological activity 
of such powders as active, neutral^ inhibiting: an active powder yields an aqueous 
extract which will induce an easily measurable tumor in 10 to 14 days after the 
extract is injected intracutaneously into the breasts of barred Plymouth Rock 
hens; an inhibiting powder, usually from a slow growing tumor, yields an aqueous 
extract which, when mixed with an active extract, prevents completely the appear¬ 
ance of a tumor for at least 5 weeks after injection; and a neutral powder, usually 
one which has been kept more than a year, neither induces nor inhibits tumor 
growth. The aluminum supernatant fluid when obtained from an active extract 
is called active Sa, when obtained from a neutral extract is called neutral Sa, and 
when obtained from an inhibiting extract is called inhibitor Sa, The aluminum 
supernatant fluids are either active or neutral pathologically but never inhibiting 
because the aluminum hydroxide gel adsorbs the inhibiting material to a greater 
degree than it does the tumor-inducing agent. 

The foregoing definitions have been made to avoid confusion between enzyme 
and biological activities: in all cases the pathological term is given to the source of 
enzyme activity. Further aids to clear understanding of the tables are the sum¬ 
maries at the head of each table which give the final concentration of substrate, 
source of enz 3 nne activity, and of antiseptic, and which give the pH, time of 
incubation at 37.5®C., and the results of subculture on agar slopes. Finally, 
under the heading ''Nucleic acid disintegrated” the number (1) refers to nucleic 
acid calculated from the total nitrogen in the uranyl chloride supernatant fluid, 
the number (2) refers to nucleic acid calculated from the total phosphorus therein, 
the number (3) refers to nucleic acid calculated from the total nitrogen in the 
uranyl chloride precipitate, and the number (4) refers to the nucleic acid calculated 
from the total phosphorus therein. 

Polynucleotidase Activity of Tumor-Inducing Extracts of Chicken 
Tumor /.—^The pol 3 niucleotidase activity of active extracts of Chicken 
Tumor I caused a maximum disintegration of 44 per cent of yeast 
nucleic acid in 1 week at 37.5®C. at pH of 6.5. The enzyme activity 
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(as well as the tumor-inducing activity) was destroyed by heating the 
extracts at temperatures above 55®C. for 30 minutes. These state¬ 
ments are substantiated in Table I. 

TABLE I 

Polynucleotidase Activity of Aqueous Extracts of Chicken Tumor I Powders 
Nucleic acid, 1 per cent. pH, 6.5. 

Chicken Tumor I, 0.22 per cent. Time of incubation, 1 week. 

Phenol, 0.22 per cent. Subcultures on agar, negative. 


Source of enzyme activity 

U) 

Nucleic acid dis¬ 
integrated 

(B) 

Nucleic acid left 
intact 

Hyirolytis 

(1) 

(2) 

(3) 

(4) 



mg. 

mg. 

mg. 

mg. 

per cent 

Active extract. 

90.72 

90.83 

113.96 

115.74 

44 

Active extract. 

90.11 

90.82 

115.06 

116.77 

44 

Boiled extract. 

6.13 

2.07 

198.61 


3 

Boiled extract. 

5.52 

2.07 

199.22 


3 


TABLE II 

Polynucleotidase Activities of Extracts of Chicken Tissues 
Nucleic acid, 3.75 per cent. Dry weight per cc. of extract: 


Phenol, 0.1 per cent. Liver, kidney. 18 mg. 

pH, the optimum for each extract. Spleen. 16 mg. 

Time of incubation, 1 week. Chicken Tumor 1. 11 mg. 

Muscle. 8 mg. 


Source of enzyme activity 

Optimum pH 

Nucleic acid dis¬ 
integrated 

(2) 

Nucleic acid dis¬ 
integrated Mr mg. 
dry weignt of 
extract 

Liver... 

8.8 

mg. 

62.80 

mg, 

3.49 

Kidney. 

8.8 

52.42 

2.91 

Chicken Tumor I. 

7.5 

45.15 

4.10 

Spleen. 

8.8 

43.08 

2.70 

Muscle. 

7.0 

5.19 

0.65 





Compared with those normal tissues of high polynucleotidase 
capacity Chicken Tumor I has an activity between that of kidney and 
that of spleen and much greater than that of muscle. In this experi- 
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ment all extracts of normal tissues were prepared as described for 
extracts of Chicken Tumor I and the dry weight per cubic centimeter 
of extract determined. The polynucleotidase activities of these 
extracts are given in Table II. 

Consideration of Table II reveals that the unit activity per milli¬ 
gram dry weight was greater than that of any ncnmal tissue'in¬ 
vestigated. 

Differences between Polynucleotidase and Phosphatase Activities of 
Active Extracts of Chicken Tumor I. —^The polynucleotidase and phos- 


TABLE III 

RtUes of Activity of the Polynucleotidase and Phosphatase of Chicken Tumor I 
Nucleic acid, 1 per cent. Time of incubation, 4 weeks. 

Chicken Tumor I, 0.22 per cent. pH, 6.5. 

Phenol, 0.22 per cent. Subcultures of agar, negative. 


Time of iiKubation 

Nucleic acid 

(1) 

1) 

disintegrated 

(2) 

(B) 

Nucleic acid dis¬ 
integrated to release 
inorganic phos¬ 
phorus 

(C) 

Ratio of polynucleo¬ 
tidase to phos¬ 
phatase 

C - A/B 

days 

mg. 

mg. 

mg. 


0 

5.50 

4.88 

2.07 

2.5 

1 

26.36 

26.16 

6.54 

4.0 

2 

44.75 

43.70 

12.14 

3.6 

5 

76.13 

75.77 

24.39 

3.1 

7 

90.72 

90.82 

32.59 

2.8 

14 

91.95 

93.42 

41.52 

2.3 

21 

93.79 

94.15 

48.89 

1.9 

28 

93.79 

94.15 

49.30 

1.9 


phatase activities of extracts of Chicken Tumor I can be distinguished 
by the rate of hydrolysis, the effect of hydrogen ion concentration, 
and the effect of low oxygen tension. 

The rate of hydrolysis for each enzyme actmty at pH 6.5 is given 
in Table III, which shows that the polynucleotidase starts faster and 
ends sooner than the phosphatase, and that no more than one-third 
of the disintegrated nucleic acid released inorganic phosphorus. 

The optimmn pH for polynucleotidase actmty is about 7.5, whereas 
it is about 6.5 for phosphatase actmty, as shown in Table IV. 
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An environment of low oxygen tension was produced in a glass jar, 
containing the digestion mixtures in tubes without stoppers, after 
withdrawal of air, by restoring atmospheric pressure with hydrogen. 
In this environment the phosphatase activity was twice that in air 
whereas the polynucleotidase activity was the same as in air, as shown 
in Table V. 

Phosphatase Activity of Tumor-Inducing Extracts of Chicken Tumor /. 
—^The phosphatase activity of active extracts of Chicken Tumor I 

TABLE rv 

Effect of Hydrogen Ion Concentration on the Polynucleotidase and Phosphatase 
Activities of Chicken Tumor I 

Nucleic acid, 2 per cent. Time of incubation, 3 weeks. 

Chicken Tumor I, 0.37 per cent. pH, as shown. 

Phenol, 0.1 per cent. Subcultures on agar, negative. 


pH 

U) 

Nucleic acid disintegrated 

(B) 

Nucleic acid dis¬ 

integrated to release 

(C) , 

Ratio of ix>lynucIeo- 
tidase to phos¬ 
phatase 

C -il/F 

(1) 

(2) 

inorganic phos¬ 
phorus 


mg. 

mg. 

mg. 


5,0 

144.0 

144.6 

79.41 

1.80 

5.5 

150.0 

149.7 

80.96 

1.85 

6,0 

153.2 

154.5 

90.82 

1.70 

6.5 

159.0 

157.5 

99.13 

1.59 

7.0 


162.4 

78.37 

2.07 

7.5 


171.2 

39.44 

4.35 

8.0 


160.7 

12.46 

12.89 

8.5 


152.4 

8.30 

18.40 

9.0 


142.1 

10.38 

13.69 


caused a maximum disintegration of IS per cent of the nucleic acid in 
the digestion mixture at pH of 6.5 in 3 weeks at 37.5®C. The inorganic 
phosphorus released from nucleic acid may have come from it directly 
or indirectly through nucleotides or through phosphoric acid ester of 
ribose as the immediate substrate. This alternative is preferred be¬ 
cause there is a definite lag of the phosphatase behind the polynucle¬ 
otidase activity. Therefore, the phosphatase activity is calculated in 
terms of percentage hydrolysis of disintegrated nucleic acid. So 
defined, the phosphatase activity of Chicken Tumor I is much less 
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intense than that of any extract of normal tissue investigated and it 
has an optimum pH different from that of the pol 3 mucleotidase. 
These statements are substantiated in Table VI. 

TABLE V 

Polynucleotidase and Phosphatase Activities of Chicken Tumqr I Extracts in an 
Environment of Air and of Hydrogen 

Nucleic acid, 3.75 per cent. Time of incubation, 1 week. 

Chicken Tumor I, 0.30 per cent. pH, 7.3. 

Phenol, 0.12 per cent. Subcultures on agar, negative. 


Atmospheric environment 

U) 

Nucleic acid 
disintegrated 

(2) 

iB) 

Nucleic acid 
disintegrated 
to release 
inorganic 
phosphorus 

(C) 

Polynucleotidase 

activity 

C - A/150 

(D) 

Phosphatase 

activity 

D - B/150 


mg. 

mg. 

per cent 

per cent 

Hydrogen. 

71.8 

22.0 

47.9 

14.4 

Hydrogen. 

71.8 

21.8 

47.9 

14.2 

Hydrogen. 

71.8 

22.0 

47.9 

14.2 

Air. 

72.7 

10.0 

48.5 

6.5 

Air. 

71.8 

11.2 

47.9 

7.3 

Air. 

70.9 

10.6 

47.3 

6.9 


TABLE VI 


Phosphatase Activities of Extracts of Chicken Tissues 
Nucleic acid, 3.75 per cent. Time of incubation, 3 weeks. 

Phenol, 0.1 per cent. pH, the optimum for each extract. 



Optimum pH 

U) 

Nucleic acid 
disintegrated 

(2) 

(B) 

Nucleic acid 
disintegrated 
to release 
inorganic 
phosphorus 

(C) 

Phosphatase 

activity 

A~^Xi00 



mg. 

mg. 

per cent 

Liver. 

8.8 

62.80 

38.57 

61 

Kidney. 

8.8 

52.42 

32.49 

62 

Chicken Tumor I. 

6.5 

40.16 

13.39 

33 

Spleen. 

8.8 

43.08 

24.46 

57 

Muscle. 

7.0 

5.19 

4.15 

80 


Polynucleotidase and Phosphatase Activities of Sa from Active Extracts 
of Chicken Tumor /.—^Adsorption of material from aqueous extracts 
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by aluminum hydroxide Type C in most cases increases the absolute 
intensity of polynucleotidase activity and always (twenty-five tests) 
increases the unit activity per milligram dry weight of Chicken Tumor 
I in solution. On the other hand, the absolute intensity of the phos¬ 
phatase activity in all cases is decreased, and the unit activity increased 
though not to as great a degree as the polynucleotidase. The effect 
of adsorption with aluminum hydroxide Type C on the enz)nne activi¬ 
ties of the extracts is shown in Table VII. The frequent increase of 

TABLE VII 

EJTect of Adsorption with Aluminum Hydroxide Type C on the Polynucleotidase and 
Phosphatase Activities of Extracts of Chicken Tumor I 
Nucleic acid, 1.87 per cent. Time of incubation, 3 weeks. 

Chicken Tumor I in extract, 11.1 mg. per cc. pH, 6.5. 

Chicken Tumor I in Sa, 1.7 mg. per cc. Chicken Tumor I in diges- 

Phenol, 0.1 per cent. tion mixture: 

with extract. 33.3 mg. 

with Sa. 5.1 mg. 


Source of enzyme activity 

M) 

Nucleic acid 
disintegrated 
(2) 

(B) 

Nucleic acid 
disintegrated 
to release inor¬ 
ganic 

phosphorus 

(O 

Polynucleotidase 
activity per 
mg. Cmcken 
Tumor I 

C - i4/33.3 or 
il/5.1 

m 

Phosphatase 
activity per 
m^ Chicken 
Tumor I 

D - B/33.3 or 
B/S.l 


mf. 

mg. 

tng. 

mg. 

Extract. 

73.14 

46.81 

2.2 

1.4 

Extract. 

72.77 

44.84 

2.2 

1.3 

Sa. 

81.26 


15.9 

4.8 


79.96 

24.29 

15.7 

4.8 


total activity caused by treating the extract with aluminum hydroxide 
gel suggested that some inhibiting substance had been removed by 
adsorption. Similar experiments by Murphy and associates (12) had 
disclosed the existence of material which inhibited the tumor agent, 
and for this reason the suggestive relationship between the two 
systems, polynucleotidase and associated inhibiting substance, and 
tumor agent and associated inhibiting substance, was tested more 
definitely. 

Polynudeotidase Activities of Sa^s of Graded Tumor-Inducing Power. 
—Because the pol 3 mucleotidase activity caused a maximum disintegra- 
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tion of nucleic acid in 1 week and because the tumors reach a measur¬ 
able size in 10 to 14 da 3 rs it was possible to predict the relative size of 
tumors induced by Sa’s of active, neutral, and inhibiting extracts. 
Within the error associated with the use of only two dimensions as 
accurate indices of the size of the tumors there was a rough propor¬ 
tionality between the polynucleotidase activity arid the size of the 
tumors induced by these aluminum supernatant fluids. This propor- 


TABLE vm 

Polynucleotidase Activities of Sa’s of Graded Tumor-Inducing Power 
Nucleic acid, 1.8 per cent. Chicken Tumor I in active Sa, 1.7 mg. per cc. 

Phenol, 0.1 per cent. Chicken Tumor I in neutral Sa, 1.6 mg. per cc. 

Time of mcubation, 3 weeks. Chicken Tumor I in inhibitor Sa, 0.9 mg. per cc. 
pH, 6.5. Subcultures on agar, negative. 


Source of enzyme activity 


Active Sa... 

Active Sa... 

Neutral Sa.. 

Neutral Sa.. 

Inhibitor Sa. 
Inhibitor Sa. 


{A) 

Nucleic acid 
disintegrated 
(2) 

(B) 

Chicken 
Tumor I in 
digestion 
mixtures 

(C) 

Nucleic acid 
disintegrated 
per mg. Chicken 
Tumor I 
C^AIB 

Maximum 
and minimum 
size of tumors 
(6 injections 
for each Sa) 

mg. 

mg. 

mg. 

cm. 

81.26 

5.1 

15.9 

2.8x2.0 




to 

79.96 

5.1 

15.7 

2.6x2.1 

17.85 

4.8 

3.7 

0.7x0.5 




to 

17.27 

4.8 

3.6 

0.4x0.3 

3.31 

3.99 

2.7 

2.7 

1.2 

1.5 

1 No growth 


tionality is demonstrated in Table VIII, and was repeated in the only 
other experiment of this kind done. 

Polynucleotidase Activity of an Active Sa When Mixed with Extracts 
of Graded Tumor-Inhibiting Power. —Extracts of graded tumor-inhibi- 
ing power were prepared from active, neutral, and inhibiting powers 
in the usual way. Each extract was heated to 55°C. for 30 minutes 
to destroy any pol3rnucIeotidase and tumor-inducing activity, cooled 
to room temperature, and mixed with an equal voliune of an active Sa. 
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6 cc. of this mixture was tested for polynucleotidase activity with 14 cc. 
of 2.5 per cent yeast nucleic acid in buffer at pH of 6.5, and 0.4 cc. 
was injected intracutaneously into the breasts of barred Pl)miouth 
Rock hens. Both experiments performed in this way demonstrated, 
as in Table DC, a rough proportionality between inhibition of the tumor 
agent and inhibition of the enzyme activity. 

TABLE IX 

Polynucleotidase Activity of an Active Sa When Mixed with Equal Volumes of 
Extracts of Graded Tumor-Inducing Power 
Nucleic acid, 1.75 per cent. Time of incubation, 3 weeks. 

Phenol, 0.22 per cent. Subcultures on agar, negative. 

pH, 6.5. 


Pathological character of extracts 
mixed with active Sa 

U) 

Nucleic acid 
disintegrated. 
Extract heated 
to 55*C. 

(2) 

(B) 

Nucleic acid 
disintegrated. 
Extract boiled 
(2) 

(C) 

Inhibition of 
polynucleotidase 
activity 

C-^~X100 

Maximum 
and minimum 
size of tumors 
(6 injections for 
each mixture 
of extract and 
Sa) 


mg. 

mg. 

per cent 

cm. 

Active extract. 

24.13 

25.09 

3.8 

1.7x1.6 
to 

1.5x1.5 

Neutral extract. 

14.82 

24.64 

40.0 

0.9x0.8 

to 

0.8x0.8 

Inhibiting extract. 

5.75 

25.62 

77.6 

No growth 

Water. 

25.70 

25.70 

0 

1.8x1.6 
to 

1.6x1.6 


DISCUSSION 

The results reported in this paper confirm the observations of Edl- 
bacher and Kutscher that extracts of Chicken Tumor I have very little 
phosphatase activity at pH’s greater than 8.0 and are consistent with 
the report of Somekawa that these extracts cause a separation of purine 
substance from yeast nucleic acid more considerable than that of 
muscle. All these results may be correlated by a tentative explana¬ 
tion that under the influence of enzymes in Chicken Tumor I yeast 
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nucleic acid undergoes a progressive disintegration through the stage 
of nucleotides to phosphoric acid ester of ribose and free nitrogenous 
bases. 

The pathological significance of the polynucleotidase in Chicken 
Tumor I products cannot be stated definitely, though the rough pro¬ 
portionality between the en2)rme system and the pathological system, 
the occurrence of the optimiun pH in the physiologically important 
zone of pH 7.0 to 7.8, and the similarity of the minimal lethal tem¬ 
perature lead to the opinion that the relationship is not haphazard. 

SUMMARY 

1. Aqueous extracts of Chicken Tumor I cause a disintegration of 
yeast nucleic acid. 

2. Two enzyme activities, a polynucleotidase and a phosphatase, 
are demonstrated. 

3. These activities are distinguished by different reactions to an 
environment of hydrogen, different optima of hydrogen ion concentra¬ 
tion, and different rates of activity. 

4. Adsorption with aluminum hydroxide Type C removes substances 
inhibiting the polynucleotidase activity. 

5. There is a rough proportionality between the polynucleotidase 
activity and the tumor-inducing power of different fractions of extracts 
of Chicken Tumor I. 

6. There is a rough proportionality between the inhibition of poly¬ 
nucleotidase activity and the inhibition of the tiunor agent. 

7. The polynucleotidase activity of Chicken Tumor I is as great as 
that of spleen, slightly less than that of kidney and liver, but much 
greater than that of muscle. There are also qualitative differences. 

The author is very grateful to Dr. F. Duran-Reynals for assistance 
in doing the bacteriological work, and for the assistance of Mr. Ernest 
Sturm in doing the pathological work. 
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THE NUCLEASE ACTIVITY OF BACILLUS SUBTILIS 
By DOUGLAS A. MacFADYEN 

{From the Laboratories of the Rockefeller Institute for Medical Research) 
(Received for publication, June 12, 1934) 

Nuclease activity was dissociated from proteolytic activity 
when Sachs confirmed the observations of Milroy that an agent 
which attacked nucleic acid to liberate inorganic phosphoric acid 
could not liquefy gelatin and that proteolytic enzjmies liquefied 
gelatin but could not attack nucleic acid (1). Henceforth the rate 
of separation of inorganic phosphoric acid from nucleic acid became 
the exclusive index of nuclease activity (2-4). Activity so defined 
was shown by a variety of microorganisms, such as yeast (5), 
PenicilUum ghmeum, and Aspergillus niger (6), and by Bacillus 
coli, Bacillus proteus, and staphylococcus (7). 

Convincing evidence of bacterial disintegration of nucleic acid 
other than the slow separation of phosphoric acid has been lacking 
despite the discovery of a series of enzymes which can attack the 
different components of nucleic acid: thus there are polynucleo¬ 
tidases which subdivide nucleic acid to nucleotides,^ nucleotidases 
which split mononucleotides to phosphoric acid and nucleosides, 
nucleosidases which disjoin the sugar and nitrogenous base, and 
phosphatases which split phosphoric acid esters of ribose to free 
acid and free sugar ((8) pp. 311-316). Furthermore, the accepted 
structural formula of yeast nucleic acid, that elucidated by Levene 
and Bass ((8) p. 274, 286) indicates that the separation of more 
than one-quarter of the phosphoric acid in nucleic acid requires 
the breaking of the ester bonds between its component nucleotides. 
It is apparent also that these ester bonds may be broken without 
the separation of phosphoric acid from any of the four nucleotides 

* Levene and Dillon use the term polynucleotidase activity to describe 
the liberation of an arbitrary amount of phosphoric acid from nucleic 
adld in unit time by an enzyme from intestinal juice (3). 
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and that the study of nuclease activity must encompass more'than 
the determination of inorganic phosphoric acid. 

Substantiation for the foregoing argument is to be found by 
inspection of the structural formula of yeast nucleic acid and of 
the convenient condensed forms presented with the accompanying 
scheme representing the disintegration of nucleic acid. In this 


HO\ 

0=5?—O—C,H,0,— 
HO/ 

O 


0=^P—O—CsHtO*—C iHfN lOi 
HOX 

O 


Adenylic acid 


Uridylic acid 


0=P—O—C 6 H 7 O 1 —C 6 H 4 NfcO Guanylic acid 

HOX 

O 


0=P—CeHgOt—C4H4N1O Cytidylic acid 

ho/ 


P—R—N 

I 

P—R—N 
1 

P—R—N 


4(PRN)C^ 


(PR) + (N) 
(P) + (RN) 


P + R + N 
P + R+ N 


P—R—N 

Nucleic acid Nucleotides Less complex derivatives 

scheme P represents phosphoric acid, R represents ribose, and N 
represents nitrogenous base. 

The rate and process of disintegration of yeast nucleic acid may 
be deduced from the nitrogen and phosphorus in three fractions 
obtained by the methods described in this report. When these 
methods were applied to cultures of bacteria in solutions of yeast 
nucleic acid, the results revealed the rapid, intensive decomposi¬ 
tion of nucleic acid by Bacillus mesentericus, Bacillus megatherium, 
and Bacillus subtilis. 

Methods 

The methods used in the following experiments were extensions 
of methods of previous investigators. Levene and Bass had used 
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neutral lead acetate to separate nucleosides from phosphoric 
derivatives of nucleic acid ((8) p. 167), and Buell and Perkins 
had used uranyl nitrate to precipitate quantitatively the purine 
nucleotides from tungstic acid filtrates of defibrinated blood (9). 
I found that yeast nucleic acid was precipitated completely from 
dilute solutions of uranyl chloride in trichloroacetic acid at pH 
1.5 to 2.0, and that under similar conditions the purine nucleotides 
and cytidylic acid were precipitated only in the range of pH 3.0 
to 7.0, whereas uridylic acid and the less complex derivatives of 
nucleic acid were soluble at any pH tried from 1.5 to 9.0. The 
complete precipitation of nucleic acid is demonstrated in Table II, 
which shows that 94 per cent of the material in the control solutions 
was precipitated and that the remaining 6 per cent represented 
nucleic acid which had been decomposed before the culture 
mixtures were prepared; the phosphorus-containing substance not 
precipitated was found to be present in the same amount whether 
the supernatant solution was analyzed after or without digestion 
with strong acid. 

The following detailed description includes the procedure for 
the preparation of cultures of bacteria in solutions of yeast nucleic 
acid and embraces the methods of analysis of these culture 
mixtures. 

Preparation of Culture Mixtures —^Agar slopes were seeded with 
bacteria and incubated for 18 to 24 hours at 37.5®. A suspension 
of living bacteria was prepared by emulsification of these colonies 
with 5 cc. of distilled water. The substrate was prepared by dis¬ 
solving 4 gm. of sodium nucleinate in 100 cc. of buffer solution at a 
desired pH. 4 cc. samples of this solution were distributed in 
culture tubes which were stoppered with cotton and autoclaved. 
1 cc. of bacterial suspension or 1 cc. of distilled water, as control, 
was mixed with 4 cc. of autoclaved substrate, in tubes stoppered 
with sterile rubber caps, and then incubated at 37.5® for 48 hours. 

For a range of pH 7.0 to 9.6 the buffers used, in concentration 
of 0.1 M, were the sodium veronal-hydrochloric acid mixtures 
prepared as described by Michaelis (10), and for a range of pH 
5.0 to 7.0 the buffers used, in concentration of 0.2 M, were the 
sodium citrate-sodium hydroxide mixtures, according to Clark (11). 

Method for Separation of Nucleic Acid from Culture Mixtures — 
The contents, 5 cc., of each culture tube were washed with water 
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into large centrifuge tubes of 50 oo. capacity and the volume made 
to 15 cc. with distilled water and then to 25 cc. with the acid- 
precipitating reagent. A filocculent precipitate which began to 
settle in a few seconds was stirred thoroughly twice during a 10 
minute interval. By spinning the mixture in a centrifuge at 900 
R.F.M. for 3 minutes it yielded a supernatant fluid, which was then 
decanted into a 50 cc. volumetric flask, and a precipitate, which 
was broken up by stirring with 10 cc. of dilute reagent and again 
separated by spinning in a centrifuge at 900 r.p.m. for 3 minutes. 
This operation was repeated once more to redissolve any adherent 
material less complex than nucleic acid. The supernatant fluids 
were pooled and made up to 50 cc. with dilute reagent, and the 
precipitate was dissolved in 25 cc. of 0.5 n sodium carbonate. 

The acid-precipitating reagent was a solution of 1.25 gm. of 
uranyl chloride in 100 cc. of 10 per cent trichloroacetic acid. The 
dilute reagent was prepared by diluting this to 2^ volumes with 
distilled water. Neither of the buffer systems used, in concentra¬ 
tions up to 0.2 M, was precipitated by these reagents. 

Method for Precipitation of Nucleotides from Uranyl Chloride 
Supernatant Liquids —10 cc. of uranyl chloride supernatant fluid 
were pipetted into a centrifuge tube and neutralized by adding 
about 2 cc. of n sodium carbonate, drop by drop, until the pH of 
the mixture was 6.8 to phenol red (as an outside indicator). 
During this adjustment a precipitate forms, beginning at pH 3.0, 
reaching a maximum size at about pH 4.3, and dissolving in 
greater part at pH 6.8. Drops of a solution of 10 per cent neutral 
lead acetate were added to this slightly acid mixture until no more 
precipitate could be produced by adding 10 drops more to the 
supernatant fluid previously cleared by spinning in a centrifuge 
at 900 R.P.M. for 3 minutes. Hydrogen sulfide was passed through 
the supernatant fluid to precipitate any excess reagent, which was 
then separated by spinning the mixture in a centrifuge at 1200 
R.F.M. for 5 minutes. This supernatant fluid was aerated to 
remove excess hydrogen sulfide and then decanted into a volu¬ 
metric flask where the volume was made up to 25 cc. with distilled 
water. The sodium veronal-hydrochloric acid buffers are com¬ 
pletely precipitated by this procedure. 

Methods of Analysis for Nitrogen and Phosphorus —^The fore¬ 
going methods give three fractions of the culture mixtures, the 
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carbonate solution of the uranyl chloride precipitate (Fraction 1), 
the uranyl chloride supernatant fluid (Fraction 2), and the super¬ 
natant fluid after treatment with neutral lead acetate (Fraction 
3). The unfractionated culture mixture is labeled Fraction 4. 

Small samples, 1 to 5 cc., were taken from each of the three 
fractions and analyzed for total nitrogen by means of the micro- 
Kjeldahl method of Van Slyke (12). Inorganic phosphorus {i.e. 
phosphoric acid not boimd to organic substance), in 2 to 5 cc. of 
Fraction 2, was determined either by Tisdall's (13) or Leiboff’s 
(14) colorimetric method. Total phosphorus, in 2 to 5 cc. samples 
of Fractions 1 and 2, was determined as inorganic phosphorus 
after the following procedure. The sample chosen was boiled with 
exactly 0.5 cc. of concentrated sulfuric acid until white fumes 
appeared; it was then cooled and boiled with 1 cc. of distilled water 
and no more than 0.5 gm. of potassimn persulfate until white 
fumes again appeared. Then it was cooled, diluted with 3 cc. 
of distilled water, and boiled for 10 minutes to decompose any 
excess persulfate. After cooling to room temperature, this solu¬ 
tion was ready for analysis by the method of Leiboff. Standard 
phosphate solutions, with and without the prescribed treatment, 
usually matched; when they failed to do so, the attending results 
were rejected. 

The foregoing methods are applicable to solutions containing 
uranyl ions in amounts equivalent to the samples mentioned. 
For the determination of phosphorus the method of Leiboff is 
preferred, because it is quick and convenient for a large number of 
analyses, while it gives the same results as the method of Tisdall, 
as shown in Table I. 

In the ensuing experiments the hydrogen ion concentration was 
estimated colorimetrically by the use of Clark and Lub’s series of 
indicators (11). 


Results 

The agents of disintegration of yeast nucleic acid were living 
bacteria; specifically they were members of the aerobic, spore¬ 
bearing group of bacilli. The three strains isolated were Bacillus 
mesentericus vulgatus, Bacillus megathenuni, and Bacillus subtilis. 
Since the results for each strain were very much the same, those 
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obtained with BaciUus aubtiUs were chosen as representative of 
group behavior. 

BadUua stihtUis in its vegetative form grows rapidly on simple 
media, is a facultative anaerobe, and finds refuge in spores which 
resist boiling for hours. In spite of their rapid grewth the amounts 
of total nitrogen and of total phosphorus contributed to the 
medium by the bacilli were very small compared to the amoimts 
representing breakdown products of nucleic acid. This conclusion 
is demonstrated in Table II. In Tables II to VI each number 
represents the difference of result*^ of analysis of a control mixture 
from those of a mixture containing bacteria. 

Intengity of Nuclease Activity of Bacillus Subtilis —The most 
favorable pH for the nuclease activity of Bacillus subtilis, 6.6, 
is demonstrated in Table III, which presents results obtained from 


Table I 


MeaswemeTit of Free Inorganic Phosphorus in Uranyl Chloride Filtrates 


Sample No. 

Leiboff method 

Tisdall method 

Sample No. 

r.ieiboff 

method 

Tisdail 

method 


mg. 

mg» 


mg. 

mg. 

1 

2.143 

2.128 

5 

1.428 

1.412 

2 

2,801 

2.907 

6 

2.856 

2.824 

3 

4.784 

4.762 

7 

4.100 

4.149 

4 

5.434 

5.494 

8 

4.000 

4.067 


culture mixtures buffered at different pH values. Consideration 
of Table III reveals that the optimum pH for nuclease activity 
was 6.6, because corresponding values of total nitrogen and of total 
phosphorus in the uranyl chloride precipitates were lowest at that 
pH and because corresponding values in the uranyl chloride super¬ 
natant fluids were highest at that pH. The consistency of the 
P:N ratio and the value of the ratio, 0.59, which is also that of 
nucleic acid, indicate that none of the nitrogenous nor phosphoric 
products of nucleic acid had escaped as gases, such as ammonia. 

An enviromnent of hydrogen, though it seems to accelerate 
phosphorus metabolism, is without influence on the nuclease 
activity of Bacillus subtilis. Substantiation for this statement 
is found in Table IV. One set of culture mixtiu'es and one set of 
control mixtures, in tubes without stoppers, were exposed to 
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hydrogen in a 2 liter glass jar from which oxygen had been 
extracted by a vacuum pump and by oxidation of an electrically 
heated copper wire attached to the lead cap sealing the jar and 
in which atmospheric pressure had been restored by intake of 
hydrogen. Duplicate sets of culture mixtures and of control 
mixtures were exposed to air at atmospheric pressure in a twin 
jar. Both jars were sealed and placed in an incubator at 37.6® 
for 48 hours. 

Table IV shows, except for total and inorganic phosphorus at 

Table II 


Contribution of Living Bacteria to Nitrogen and Phoaphorua of Culture 
Mixturea of Bacillua auhtilia and Yeaat Nucleic Add 
Nucleic acid, 3.2 per cent; pH 6.6; time of incubation at 37.6®, 2 weeks. 


Culture mixtures 

Total N 

Total P 

Bacte¬ 
rial N* 

Bacte¬ 
rial P* 

Frac¬ 
tion 2 

Frac¬ 
tion 1 

Frac¬ 
tion 4 

Frac¬ 
tion 2 

Frac¬ 
tion 1 

Frac¬ 
tion 4 


mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

Bacterial. 

12.64 

5.95 

18.49 

7.41 

3.13 

10.54 

0.99 

0.19 

« 

14.88 

4.07 

18.95 

8.79 

1.85 

10.64 

1.45 

0.29 

Control. 

1.05 

16.35 

17.40 


9.71 

10.33 



it 

1.01 

16.69 

17.60 

iQ 

9.76 





Fraction 1, carbonate solution of the uranyl chloride precipitate; Frac¬ 
tion 2, the uranyl chloride supernatant fluid; Fraction 3, the supernatant 
fluid after treatment with neutral lead acetate; Fraction 4, the unfractionated 
culture mixture, 

* Bacterial N equals 18.49 — 17.60 and 18.95 — 17.60; bacterial P equals 
10.64 - 10.35 and 10.64 - 10.35. 

t Inorganic phosphorus. 

pH 6.0 and 6.6, that the nuclease activities of Bacillus subtilis 
were the same in an atmosphere of low oxygen tension as in an 
atmosphere of air. The discrepancies must have represented 
inorganic phosphorus, since the total nitrogen and organic phos¬ 
phorus were the same for each environment; they were accounted 
for by examination of the uranyl chloride precipitates which 
showed that the total phosphorus of the anaerobic precipitate 
(Fraction 1) at pH 6.0 and 6.6 was greater than that of the aerobic 
precipitate of the same fraction by almost the exact amounts of 
the discrepancies, and further that no phosphorus could be 

















46 


NUCLEASE ACTIVITY OF B. SUBTILIS 


detected without preliminary treatment of the precipitate with 
strong acid. These results suggest that the discrepancies of inor¬ 
ganic phosphorus represent substance ingested by the bacilli. 


Table III 

Optimum Hydrogen Ion Concentration for Disintegration of Yeast Nucleic 
Acid by Cultures of Bacillus suhtilis at S7.5^ for ^8 Hours 
Nucleic acid, 3.2 per cent; pH as shown; time of incubation, 48 hours. 


pH 

Total N 

Nuclease 

activity 

(c) 

Total? 

Nuclease 

activity 

(/) 

P: N ratio 

Fraction 

1 

(a) 

Fraction 

2 

(6) 

Fractio'. 

1 

id) 

Fraction 

2 

(e) 

Fraction 1 
(d/a) 

Fraction 2 
(e/b) 


mg. 

mg. 

per cent 

mg. 

mg. 

per cent 



6.0 

12.9 

14.9 

53.6 

7.18 

8.72 

54.9 

0.56 

0.59 

6.6 

5.8 

22.9 

80.0 

2.48 

13.52 

84.5 


0.59 

7.2 

7.1 

20.8 

71.0 

3.54 

12.46 

78.0 

0.50 

0.60 

7.8 

12.7 

14.7 

53.6 

7.42 

8.51 

53.4 

0.58 

0.58 

8.2 

17.9 

9.4 

34.4 

10.51 

5.43 

34.1 

0.59 

0 58 


c - 6/(6 + o) X 100; / =» e/(d + e) X 100. 

See note below Table II for explanation of fractions. 


Table IV 

Nuclease Activity of Bacillus suhtilis under Aerobic and Anaerobic 

Conditions 

Nucleic acid, 3.2 per cent; pH as shown; time of incubation, 48 hours. 


Uranyl chloride supernatant fluid 


pH 

Total N 

Total P 

Inorganic P 

Organic P 


Aerobic 

Anaerobic 

Aerobic 

Anaerobic 

Aerobic 

Anaero¬ 

bic 

Aerobic 

Anaero¬ 

bic 


■1 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

6.0 

mSSm 

9.86 

5.92 

4.75 

2.67 

1.54 

3.25 

3.21 

6.6 


15.45 

9.19 

8.17 

3.82 

2.44 

5.37 

5.73 

7.6 

12.99 

12.75 

7.64 

7.49 

0.71 

0.68 

6.93 

6.81 

8.2 

9.44 

9.40 

5.43 

6.47 

0.51 

0.40 

4.92 

5.07 


Bacittus suhtilis continues to disintegrate yeast nucleic acid 
equally well, whether it be subcultured from solutions of nucleic 
acid or from agar slopes. From colonies on an agar slope bacilli 
were transferred to a 4 per cent solution of yeast nucleic acid and 
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thereafter kept vigorous at 37.5® by forty-five daily subcultures 
from each niedium. The last generations were transferred to agar 
slopes^ incubated at 37.5® for 24 hours, and from them culture 
mixtures with yeast nucleic acid were made in the way described 
for pH 6.6. Each result in Table V was obtained from a separate 
culture mixture and so this table emphasizes the accuracy of the 
methods of fractionation as well as the reduplication of results. 

Since yeast nucleic acid contains 16.3 per cent nitrogen and 9.63 
per cent phosphorus, according to Levene and Bass ((8) pp. 274, 
286), then the intensity of disintegration of nucleic acid by Bacillus 
subtilis may be stated in terms of mg. of nucleic acid broken down 


Table V 

Effect of Culture Media on Disintegration of Nucleic Acid by Bacillus subtilis 


Inorganic P in uranyl chloride supernatant fluid 


Time of incubation at 37**, 
days . 

0 

3 

6 


Average at 

0 days 

Agent of nucleic acid 
disintegration 

mg. 

mg. 

mg. 

mg. 

mg. 

45th subculture from 

0.100 

2,388 


4.580 


agar slopes 

0.100 

2.392 

3.840 

4.680 



0.100 

2,452 

3.920 

4.700 

4.653 

45th subculture from 

0.100 


3.892 

4.220 


4% yeast nucleic 

0.100 

2.328 

3.972 

4.120 


acid 

0.100 

2.440 



4.127 


in 48 hours by multiplsing the total nitrogen in the uranyl chlo¬ 
ride supernatant fluid by 6.13 and by multiplying the total phos¬ 
phorus therein by 10.38. When these calculations are made from 
values in Table III, it will be seen that about 130 mg. of nucleic 
acid were disintegrated in 48 hours and that the 130 mg. repre¬ 
sented 80 per cent of the available nucleic acid. 

Extent and QtuiUty of Disintegration of Yeast Nucleic Acid by 
Bacillus subtilis —Since of the nitrogenous derivatives of nucleic 
acid, neutral lead acetate precipitates only nucleotides, the 
ratio of total nitrogen in Fraction 3 to that in Fraction 2 will 
indicate the proportion of nucleotides broken down after separation 
from nucleic acid. The breakdown of nucleotides can occur in 
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three ways: (1) PRN -> P + RN, (2) PRN P + R + N, (3) 
PRN —* PR + N. All three ways are included in the foregoing 
calculation. 

It will be seen that processes (1) and (2) necessitate the separa¬ 
tion of phosphoric acid, and therefore the ratio of inorganic phos¬ 
phorus in Fraction 2 to total phosphorus in the same fraction will 
indicate the proportion of nucleotides broken down in both these 
ways. The other process (3) can then be calculated as the dif¬ 
ference of per cent hydroljrsis estimated from values for phosphorus 


Table VI 

Extent and Quality of Disintegration of Nucleotides hy Bacillus subtilis 
Nucleic acid, 3.2 per cent; pH as shown; time of incubation, 48 hours. 



Total N 

Nucleotide 

Total? 

Inorganic 

Nucleotide hydrolysis 

pH 

Fraction 2 

Fraction 3 

hydrolysis 

Fraction 2 

Fraction 2 
(e) 




(a) 

(b) 

(c) 

(d) 

CO 

iff) 


mg. 

mg. 

per cent 

mg. 

mg. 

per cent 

per cent 

6.0 

14.9 

11.5 

77 

8.72 

2.67 

31 

46 

6.6 

22.9 

18.3 

80 

13.52 

3.54 

26 

54 

7.2 

20.8 

16.6 


12.46 

3.39 

27 

53 

7.8 

14.7 

7.4 


8.51 

0.06 

1 

49 

8.2 

9.4 

2.8 


5.43 

0.00 

0 

30 


c (b/a) X 100;/ •• (e/d) X 100; g ^ c — 

c represents nucleotide hydrolysis of all three types;/, nucleotide hydrol¬ 
ysis of both tyjies yielding inorganic phosphorous; g, nucleotide hydrolysis 
of the type yielding phosphoric acid ester of ribose and free nitrogenous 
base. 

See note below Table II for explanation of fractions. 

from that estimated from values for nitrogen. The results of 
these calculations are presented in Table VI. Comparison of 
colunms (/) and (jr) in Table VI shows that the nucleotides were 
disintegrated mainly to phosphoric acid ester of ribose and 
nitrogenous bases. This is particularly striking at alkaline pH 
values: at pH 8.2 the nucleotides were decomposed in this way 
only. It is quite possible that part of or all the inorganic 
phosphorus liberated at acid and neutral pH values may have 
been due to the hydrogen ion concentration independently of the 
bacteria, because phosphoric acid esters of ribose decompose 
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quickly ((8) p. 167). Subject to that possibility and to two 
limitations of the analytical methods, the process of disintegration 
of yeast nucleic acid by Bacillus subtilis may be written 

Nucleic acid 4(PRN) 4(PR) + 4(N) -► 4P + 4R + 4N 

The limitations of the methods are the failure to discriminate 
between pyrimidine and purine compounds and the lack of sugar 
analyses. 


SUMMARY 

1. Methods are described for the study of the process of dis¬ 
integration of yeast nucleic acid. 

2. These methods were applied to cultures containing yeast 
nucleic acid and each of three members of the aerobic, spore¬ 
bearing group of bacilli. 

3. Bacillus subtiliSf Bacillus mesentericus vulgatus, and Bacillus 
megatherium were found to be agents for a rapid, intensive dis¬ 
integration of yeast nucleic acid, particularly at pH 6.6. 

4. The extent of substrate disintegration by these bacteria was 
not influenced by growth in an environment of low oxygen tension. 

5. The bacilli retain their disintegrative power whether sub¬ 
cultured many times from agar or from solutions of yeast nucleic 
acid. 

6. A tentative scheme for the process of disintegration of yeast 
nucleic acid by Bacillus subtilis was deduced from the results of 
analysis. 
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Spontaneous conjunctival folliculosis, a disease widespread among 
rabbits, has been described in a preceding article (1) as occurring in 
two clinical forms, Type I and Type II. The former is characterized 
by a dormant chronicity with discrete lesions, whereas the second type, 
a more actively progressive disease, presents an inflammatory follicular 
reaction involving all the palpebral conjunctival surfaces. It was 
found that the transition from one type to the other, an infrequent 
occurrence in nature, could more often be induced artificially by experi¬ 
mental procedures. From our studies a conclusion was drawn that 
the causal factor of the affection is not an ultramicroscopic virus but 
an infectious agent behaving after the manner of bacteria of low grade 
pathogenicity. 

In this second paper the results of our bacteriological investigations 
will be presented. 

Methods 

The methods employed in cultivation tests were similar, with the exceptions 
to be noted, to those in bacteriological studies on spontaneous monkey folliculo¬ 
sis (2). The exceptions consisted in the use of: (a) defibrinated rabbit blood in¬ 
stead of horse blood in the preparation of the blood agar medium, a substitution 
made merely for the sake of convenience; (h) dextrose instead of five carbohy¬ 
drates, of which a 5 per cent solution was filtered through a Berkefeld V candle, 
and 5 cc. of the sterile filtrate were added to 95 cc. of the blood agar; (c) agar con¬ 
taining 2 per cent Witters peptone, adjusted to pH 7.4, cooled to 45®C., and into 
this sterile, defibrinated, rabbit blood was introduced to make 8 per cent by 
volume. 
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Although plain dextrose agar readily supported the growth of the several 
species of bacteria that were cultivated, the employment of blood agar was found 
to be preferable, especially for initial cultures, in that it afforded a more profuse 
growth of fragile organisms and facilitated their recovery. For each test six 
plates of blood agar and four tubes of leptospira medium, prepared as already 
described (2), were seeded with saline solution suspensions of excised conjunctival 
tissue.^ The excised tissue, rather than expressed follicular, or grattage material, 
was found to be more advantageous for bacterial cultivation. 

Ctdiures of Affected Tisstie and Control Materials 

The bacterial flora of the conjunctival tissue obtained from normal 
rabbits was not unlike that from monkeys (2). Staphylococci and 
diphtheroids predominated, whereas the microorganisms less fre¬ 
quently encountered were the Gram-negative, motile or non-motile, 
chromogenic or non-chromogenic bacilli of indeterminate species; 
organisms of the subtilis group; yeasts and moulds. The relative 
incidence of these bacteria in normal tissue was low, and in affected 
conjunctivae much higher. Bacterium granulosis and Bacterium 
simiae^ associated with human or experimental trachoma (3), and with 
simian folliculosis (2), respectively, were not found. Nor could we 
isolate Bacterium monocytogenes (3, 4), the incitant of fatal epizootics 
among rabbit breeding stocks. 

Thirty-eight strains of the indeterminate group of organisms were 
collected, and of these, sixteen different cultures were injected into 46 
rabbits in the manner already described (1). It should be noted that 
characteristic folliculosis was not induced thereby, although in some 
instances transitory, diffuse abscess formation resulted and in others 
localized pustules at the points of scarification. In all cases healing 
was prompt and normal conditions were restored within a week or two 
after inoculation. 

The different species of ordinary or indeterminate bacteria, as men¬ 
tioned, were not the only ones which were isolated from the rabbit 
folliculosis tissue. In addition to these, we have cultivated from 
affected conjunctivae a new species of microorganism which, after 
inoculation into rabbits, induced a conjunctival follicular reaction 
indistinguishable from the spontaneous disease as it occurs in nature. 
This special bacterium has been isolated from seventeen of 24 rabbits 

^ All operations on animals were performed with the aid of ether anesthesia. 
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showing fully developed, diffuse (Type II) folliculosis. There was, 
however, considerable difficulty in cultivating it from animals having 
the Type I disease, which is less readily transmissible to normal rab¬ 
bits (1), and from those showing a mild degree of the diffuse form of 
the affection. For example, only five positive cultures were obtained 
from eighteen such animals. 

Description of the Microorganism 

In the following brief form will be presented the chief morphological 
and biological characteristics of the special microorganism isolated 
and cultivated from conjunctival folliculosis of rabbits. 

Morphology, —The common form of the microorganism is a slender, thin bacillus, 
with pointed ends, two or three times longer than its width, and ordinarily smaller 
in size than Bacterium granulosis or simiae, or 0.2 to 0.3/x wide and 0.5 to 1/x 
long. The appearance of the minute, delicate, tenuous bacilli in stained film 
preparations is not unlike that of H, influenzae (Fig. 1). It is pleomorphic; one 
often sees shorter coccoid or lanceolate structures frequently occurring in pairs, 
placed end to end. As a rule, smaller organisms preponderate in growths in lepto- 
spira medium and larger ones on agar. 

Staining Reactions, —The organisms are Gram-negative and non-acid-fast. 
With stains for capsules, especially those of Muir or Casares-Gil, a faint, delicate 
envelope can be observed outside of a thin halo surrounding the bacilli or the 
diplo-lanceolate forms. The capsule is of much finer texture than the membranes 
surrounding the granulosis or simiae species, and it is not demonstrable by ordinary 
tinctorial methods. The Casares-Gil stain also reveals peritrichal flagella which 
apparently proceed from the capsular material (5). One flagellum is attached to 
each pole and one, two, or three, usually two, to each side. The thready struc¬ 
tures are long, tenuous, and wavy and in stained film preparations often appear 
matted or thrown to one side (Fig. 2). 

Motility,—‘HYit multiple flagella contribute to the peculiar and highly active 
motility of the organism. The bacilli move rapidly in a circular or linear direc¬ 
tion with a motion that may be either waddling or tumbling. There are some, 
however, that revolve about their central points as axes, like a pinwheel, without 
forward progression. The motility is not lost with the age of a culture, nor is it 
influenced by the medium employed. 

Spores and metachromatic granules are absent. 

Agar Plates,— colonies first appear in 24 to 48 hours as minute, smooth, 
spherical growths about 1 mm. in diameter, enlarging in 24 to 48 hours to a size 
of 2 or 3 mm. They are translucent, somewhat convex, moist, and mucoid. The 
edge is entire; the substance is slightly greyish and homogeneous. There is a 
tendency of one colony to coalesce with its neighboring one (Fig. 3). When mag- 
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nified at 10 diameters as with a colony microscope, it exhibits a peaked center and 
a sharply defined, but slightly raised edge (Figs. 4 and 5). The growth on blood 
agar is more profuse and the colonies are somewhat less translucent and more 
greyish. As occurs with granulosis and simiae microorganisms, cultures of 
affected conjunctival tissue yield only an occasional colony of the special bacterium 
among many miscellaneous growths.^ The colonies are sometimes adherent to, 
or incorporated within an alien one. In the latter instances, mixed growths can 
be purified by repeated subplants on fresh media. 

Agar slants exhibit within 48 hours a slightly greyish, translucent, coalescent 
growth, which is glistening, mucoid, homogeneous, and non-spreading. The water 
ofsyneresis appears uniformly cloudy or milky, depending on the amount of 
growth. 

Leptospira Medium, —24 hours after inoculation, a faint nebulosity occurs just 
at the surface. Following this there is an ingrowing, sac-like mass, with its base, 
5 mm. across, lying at the center of the under surface and extending for 5 mm. 
into the medium. The area spreads out laterally so that within a day or two 
there is a uniformly opaque, whitish layer up to 1 cm. high. A slowly progressive 
extension of the clouding takes place until the bottom of the tube is reached, 
usually within 7 days. 

Gelatin, —^No liquefaction occurs. In stab cultures one observes a tenuous, 
arborescent, non-spreading line of growth. Colonies on gelatin agar appear grey¬ 
ish, mucoid, and confluent but they are less numerous than on blood agar. 

Broth, —^In this medium the growth is uniformly turbid without pellicle 
formation. 

Litmus Milk, —Unchanged. 

Potato, —Faint, buff colored (changing to brown after 5 days), non-spreading, 
sparse surface culture. 

Indol, —Not produced. 


* A probable explanation for the sparse colony distribution of the three species 
of organisms in initial cultures of affected tissues is that the medium may not be 
completely satisfactory for primary isolations, or the organisms may be suppressed 
by the growths of the rapidly developing, concomitant, miscellaneous bacteria 
present. Indeed, it has been shown by Weiss that the growth of staphylococci 
per se chiefly by lowering the pH of the medium definitely inhibits the development 
of Bacterium granulosis —the degree of inhibition being measurable on a quantita¬ 
tive basis. Diphtheroids also suppress granulosis growth but not as markedly (6). 
As already indicated, staphylococci and diphtheroids are predominating organisms 
in cultures of affected conjunctival tissues. We have also observed the inhibition, 
under these conditions, of growths of granulosis^ simiae, and the special rabbit 
bacteria. (See also Reference 7; and for a recent discussion of the principles under¬ 
lying bacterial antagonism, Neufeld, F., and Kuhn H., Z, Hyg, u, Infektion- 
skrankh,, 1934, 116, 95.) 
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NiiraUs .—Not reduced. 

Carbohydrate Reactions, —^This organism is non-fermenting in type. No acid 
or gas is produced on dextrose, levulose, mannose, mannitol, saccharose, raffinose, 
inulin, galactose, maltose, salicin, xylose, dextrin, arabinose, amygdalin, lactose, 
dulcitol, rhamnose, trehalose, sorbitol, or inositol. 

Other Properties, —The bacterium is aerobic and facultatively anaerobic. It 
produces no characteristic odor in cultures and is bile-resistant. The optimum 
temperature for development is 28-30®C. The thermal death point is at S6®C. 
for 15 to 30 minutes. 

FUtrahUity, —Cultures suspended in saHne solution failed, in ten tests, to pass 
through single disc Seitz and Berkefeld V filters. Similar material suspended, 
however, in hormone broth was filtrable through three of the four Berkefeld V 
filters used but not through Seitz discs. Precisely similar results were obtained 
when cultures of Serratia marcescens {Bacillus prodigiosus) were employed. The 
filtrability of many species of bacteria is possible in a hormone broth suspension 
and the results of tests with the special bacterium do not necessarily indicate that 
it has a filtrable stage or that it is a ‘‘filtrable*’ organism. However that may be, 
we made use of this as a practical finding in selective filtration through pervious 
Berkefeld V candles of mixtures of the bacterium with larger, non-fUtrable or¬ 
ganisms, such as staphylococci, so as to facilitate its recovery in a pure state from 
initial mixed cultures. The methods followed have already been described in 
similar experiments with Bacterium granulosis (7), 

Serological Reactions, —Repeated intravenous injections into rabbits of living 
cultures of the special bacterium yielded antisera with an agglutinin titer of 
1:1000 to 1:20,000 for all the available cultures, 22 in number, of the micro¬ 
organism. The specificity of the agglutination was shown by the negative reac¬ 
tions in 1:10 dilution of the sera in tests with ordinary bacteria and with 37 strains 
of the miscellaneous, indeterminate bacteria recovered from rabbit conjunctivae. 
At this point mention should be made of the fact that Bacterium granulosis and 
simiae exhibit no cross-agglutination with the special bacterium. Hence the rab¬ 
bit organism is serologically specific. 

No agglutinins against this bacterium were found in 1:2 to 1:15 dilutions of 
the sera obtained from 29 normal rabbits. On the other hand, thirteen of fourteen 
animals infected by subconjunctival inoculation of the organism, as will be imme¬ 
diately described, revealed sp>ecific clumping in 1:20 to 1:160 dilutions of serum 
in tests made during the 3rd to 6th week after inoculation. Nevertheless, the 
organism was not agglutinated by the serum of rabbits having spontaneous fol- 
liculosis or the experimental disease evoked by injection of affected tissue. By 
comparison, no agglutinins were found in trachoma serum against Bacterium granu¬ 
losis (8), nor in monkey folliculosis blood against Bacterium simiae (2). Moreover, 
Weiss (9), in a summary of his own and prior reports on localized infections of the 
conjunctiva, a that includes rabbit folliculosis, has concluded that such 
affections do not induce appreciable antibody formation. 
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Thus in the general properties as given, the bacterium isolated and 
cultivated from cases of rabbit folliculosis appears to be distinct from 
other described microorganisms. It has, however, the same generic 
characteristics as Bacterium granulosis and Bacterium simiae. The 
diagnosis, or characters, of this genus may be stated as follows: 

Small, slender Gram-negative rods present in the conjunctiva of man and 
animals affected by a follicular type of disease; mucoid type of growth which in 
early subplants takes place with some difficulty in ordinary media; motile, flagel¬ 
lated, and encapsulated; aerobic and facultatively anaerobic, produce no endo- 
spores, optimum temperature for growth 28-30®C. 

On the other hand, the rabbit microorganism differs in specific 
characters from those of either the human or simian bacterium, in the 
degree of motility; in the arrangement of flagella; in the manner of 
growth on the same medium; in the reactions with carbohydrates, and 
especially in serological specificity, so that the designation of the 
rabbit bacillus as a distinct species is indicated. 

Pathogenicity Experiments 

Sixteen cultures of the special bacteriiun were available for patho¬ 
genicity tests. 

Of the sixteen cultures, fourteen individually and two pooled were injected 
into anesthetized animals. The 48 hour growth on agar slants of a second, or 
more remote generation, was suspended in 1 cc. of 0.9 per cent saline solution. 
0.2 cc. of the suspension was introduced subconjunctivally into young rabbits 
having smooth lids. These animals were selected and quarantined in the manner 
already described (1). Only the left lower membrane received the culture and 
two rabbits were employed for each strain; hence 30 rabbits were employed for 
the sixteen cultures. 

Only one strain was inactive; the remaining fifteen induced con¬ 
junctival follicular reactions in all but two of 28 inoculated animals. 
The resultant experimental disease could not be differentiated either 
clinically or histopathologically from the natural affection or from the 
infection evoked by inoculation of folliculosis tissue itself (1). In all 
instances the disease developed eventually into diffuse. Type II 
folliculosis (Figs. 6 to 8) and from six of such animals the identical 
organism was recovered. These latter strains were again shown to be 
specifically active in normal rabbits. 
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Instillation of cultures of the special bacterium into the conjunctival 
sac of normal rabbits, in accordance with the method used previously 
(1), also brought about the same type of specific infection in two of 
three animals. These two exhibited characteristic folliculosis, 11 and 
18 days respectively after the last instillation. Furthermore, the 
same microorganism was recovered from the conjunctivae of both, in 
the 3rd and 7th week of their illness, when folliculosis was fully 
established. 

Microorganisms in Tissues .—The stained sections of lesions induced 
by the special bacterium and film preparations of expressed follicular 
material were studied. In the latter instance, the Giemsa- or Gram- 
stained grattage material obtained from 22 rabbits showed in ten of 
them miscellaneous bacteria varying in number and consisting chiefly 
of staphylococci and diphtheroids. In addition, in all the specimens 
were observed discrete or clumped, free or intracellular. Gram-negative 
bacteria which closely resembled the special microorganism in mor¬ 
phology (Fig. 9). An examination of sections of over twenty different 
follicular conjunctivae, stained by the Giemsa, Gram, or eosin-methyl- 
ene blue methods, )aelded similar results (Figs. 10 and 11). The 
microorganism, however, was found in such material to be smaller 
and often intracellular. It is of interest that the bacteria were seen 
in section or film preparations that were derived from rabbits having 
either the natural disease, or experimental folliculosis induced by inocu¬ 
lation of the special bacterium and of conjxmctival tissue. Finally, 
cellular inclusion bodies that are characteristically associated with the 
action of many ultramicroscopic viruses were not observed. 

SUMMARY AND CONCLUSIONS 

Before summarizing the experimental results presented herewith, 
a brief review is indicated of our study on follicular conjunctivitides 
existing in the different species of animals thus far examined. 

Spontaneous follicular conjunctivitis of monkeys and chimpanzees, 
which resembles the early, or follicular, stages of human trachoma, 
has been shown to be an infectious disease, and to arise from the action 
of a bacterium and not an ultramicroscopic virus (2, 10). A new 
species of organism, designated tentatively as Bacterium simiae, n.sp., 
and capable of reproducing granular lids in normal monkeys and apes, 
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has been recovered from cultures of simian folliculosis tissues. This 
organism, although of a different species, is of the same genus as 
Bacterium granulosis which is associated with human trachoma (3). 

The studies were extended beyond folliculosis in monkeys and apes 
to a similar disease widespread among stock rabbits. Its clinical 
appearance and microscopic changes resemble the spontaneous malady 
in simians with some minor differences (1). Like the latter, rabbit 
folliculosis was also shown to be infectious and contagious. 

In the present paper a bacteriological investigation of the rabbit 
affection is described. In the experiments undertaken we followed the 
method used by Noguchi in his studies on trachoma, that is, the dif¬ 
ferent organisms recovered from normal and affected conjunctivae 
were inoculated into the conjunctivae of selected, quarantined rabbits. 

Among the bacteria thus isolated from folliculosis tissue a new 
species was disclosed that brought about conjunctival reactions appar¬ 
ently indistinguishable either from the disease seen in nature or from 
the experimental infection induced by inoculation of folliculosis tissue. 
The organism was specifically active in rabbits whether injected sub- 
conjunctivally or instilled into the conjunctival sac. Furthermore, 
the special bacterium has thus far been cultivated only from follicu¬ 
losis cases and not from other forms of conjunctivitis nor from normal 
tissues. Finally, specifically pathogenic strains of the identical 
microorganism have been recovered from rabbits experimentally 
infected with the bacterium. 

A distinctive feature of this bacterium is that it is of the same 
genus as the microorganisms heretofore designated as Bacterium granu¬ 
losis and Bacterium simiae. It is clearly evident then that the three 
bacteria cultivated to this time form a new genus, for which we propose 
the name Noguchia, The diagnosis of the genus has already been 
described in this paper, but as was also shown in a foregoing section, 
certain specific characters ^fferentiate the three. Accordingly, we 
suggest a change in the names of the granulosis and simiae species to 
the proposed binomials, Noguchia granulosis^ n,sp.^ and Noguchia 
simiae^ n.sp. The specific organism, having an evident causal rela¬ 
tionship to rabbit folliculosis, can therefore be placed in this classifica¬ 
tion, with the name of Noguchia cuniculi^ n.sp.^ 

’ The classification of genus and species follows the recommendations of the 
Society of American Bacteriologists quoted by Bergey, D. H., in Manual of 
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In conclusion it would appear that in three t3^es, at least, of fol¬ 
licular reactions in the conjxmctiva—^in man (the primary lesion of 
trachoma consisting essentially of follicles), in the simian, and in the 
rabbit—there is an intimate association of microorganisms having 
the same generic, but different specific properties. 
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EXPLANATION OF PLATES 
Plate 16 

Fig, 1. Gram’s stain. Agar slant culture. XlOOO. 

Fig. 2. Casares-Gil stain, showing flagella; the,staining fluid has thrown the 
structures to one side of the bacterium. XlOOO. 

Fig. 3. 48 hour growth on blood agar plate. Natural size. 

Fig. 4. Same colonies photographed by reflected light. XlO. 

Fig. 5. Same colonies photographed by transmitted light. XlO. 

Fig. 6. Upper and lower conjunctivae of rabbit inoculated with a culture of 
Noguchia cuniculi. The characteristic foUiculosis thus brought about should 
be compared with the condition seen in nature, as described and illustrated in the 
preceding paper (1). Natural size. 

Plate 17 

Fig. 7. Eosin and methylene blue stain. Conjunctiva obtained from a rabbit 
inoculated subconjunctivally with the microorganism. The induced lesions are 


determinative bacteriology, and by Buchanan, R. E., in General systematic 
bacteriology, both published by Williams & Wilkins Co., Baltimore, 1925; also 
the Code of the Nomenclature Committee of the International Society of Micro¬ 
biology (1930) quoted in Bergey’s Manual, as stated, 1934, 4th edition, p. 23. 
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identical with those found in the natural disease or the experimental infection 
caused by injection of affected tissue, as illustrated in Paper I (1). Xl22* 

Fig. 8. Eosin and methylene blue stain. Same as Fig. 7. Represents only a 
part, about a third, of the entire follicle. X300. 

Fig. 9. Giemsa stain. Film preparation of conjunctival grattage material 
obtained from a rabbit having spontaneous folliculosis. Among miscellaneous 
microoiganisms are seen bacteria with the moiphology of Noguchia cuniculi, 
XlOOO. 

Fig. 10. Eosin and methylene blue stain. Tissue section of spontaneous 
conjunctival folliculosis in a stock rabbit showing a clump of similar bacteria 
within a cell. XlOOO. 

Fig. 11. Same. X1500. 



THE JOURNAL OF EXPERIMENTAL MEDICINE VOL. 60 


PLATE 16 



Photographed by Louis Schmidt 


(Olitsky et air. Cc..junclival folllculosis of rabbits. II) 

















(Reprinted from The Jouenal of Expewmental Medicine, September 1,1934, 
Vol. 60, No. 3, pp. 385-394] 


BACTERIOLOGICAL STUDIES ON AN EPIZOOTIC OF INTES¬ 
TINAL DISEASE IN SUCKLING AND 
NEWLY WEANED MICE 

By JEROME T. SYVERTON, M.D., and PETER K. OLITSKY, M.D. 

{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, June 15,1934) 

In August, 1933, a spontaneous epizootic, with clinical signs of an 
acute intestinal affection, first appeared among the mice in the Rocke¬ 
feller Institute breeding stock.^ Previous epizootics caused by Sal¬ 
monella infection have occurred at the Institute and have been de¬ 
scribed by Flexner (1) and his associates, Lynch (2), Amoss (3, 4), 
Webster (5, 6), and Amoss and Haselbauer (7). The present affec¬ 
tion, however, was distinctive in its sharp limitation to suckling and 
newly weaned mice, as well as in difference in the stock affected, 
symptomatology, pathological changes, and in basic etiological origin. 
Epizootics similarly confined to the corresponding age group of ani¬ 
mals and comparable in some other respects to the outbreak studied 
by us have previously been described (8-14). 

For example, natural infection of hogs with Salmonella suipestifer is restricted 
to the very young, usually suckling or newly weaned shoats. “All authorities 
appear to agree that such infection does not occur naturally except in very young 
subjects*’ (8). When older animals present similar symptoms the disease is 
usually the virus affection known as hog cholera or swine fever. The fact that 
there is an independent, but similar, affection due to Salmonella infection would 
support the early investigations of Salmon and Theobald Smith (1885), and Welch 
(9) in their studies on hog cholera bacillus (8). 

In this paper we shall record the clinical and pathological appear¬ 
ance of the disease in mice, its epizoology, and the results of bacterio¬ 
logical studies. 

^The mice raised in The Rockefeller Institute for experimental purposes 
consist of two strains: an albino strain inbred for 22 years, known as the Rocke¬ 
feller Institute strain, and a strain of Swiss mice. The former is bred and used in 
greater numbers than the latter. 
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Clinical Signs 

The malady was conSned to suckling and newly weaned mice 7 to 24 days old. 
There was profuse diarrhea attended by apparent tenesmus and marked manition. 
Loss of weight and tone was extremely rapid; complete prostration occurred within 
24 to 72 hours after the initial signs and death took place in about one-third of the 
animals affected. Obstipation and cessation of suckling sometimes supervened, 
leading to a dehydration that was almost uniformly fatal. The obstipation was 
noted in about one-third of the mice. In the small number that recovered after 
showing this complication, necrosis of the tissues of the perianal region with 
sloughing frequently occurred. In the absence of obstipation, recovery was usually 
rapid and complete; after several days the recovered mice were indistinguishable 
from unaffected litter mates. 


Pathology 

The gross lesions are limited largely to the intestinal tract and vary from slight 
hyperemia to frank necrosis of the lower ileum and colon. The spleen is dark red 
and contracted; the hyperemic tumefaction so frequently seen in mouse typhoid 
is not present. On the other hand, in recovered mice the spleen may show gross 
cicatrization. 

Microscopically, the most characteristic changes are found in the lower ileum 
and colon. The mucosa is infiltrated with polymorphonuclear and red cells; it 
may exhibit generalized ulceration. The mucosa is often found as a slough in 
the lumen of the gut. The lymphoid tissue is increased, with hypertrophy of 
Peyer’s patches particularly marked. The involvement of the gut is generalized 
and b not restricted to circumscribed ulcerations. 

The spleen is hemorrhagic and contains many clasmatocytes. The pulp cells 
show var 3 dng stages of necrosis. A diffuse, parenchymatous degeneration of the 
liver occurs in varying degree, being somewhat more pronounced in the periportal 
areas. In marked cases there is a fatty degeneration of the liver parendiyma 
associated with localized hemorrhages. Only exceptionally does one observe 
focal necrosis of groups of liver cells. The kidneys reveal congestion and localized 
hemorrhages with early glomerular changes and granular degeneration of the 
tubular epithelial cells. An occasional, minute, focal hemorrhage is usually found 
in the brain and with this exception the organ appears unchanged. 

In general the lesions consist of ulcerative enteritis; hemorrhagic and necrotic 
splenitis; fatty degeneration of the liver, and acute parenchymatous nephritis. 

Epizoology 

Epizoological observations were largely limited to the time during 
which the experimental work was in progress. The caretakers of the 
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breeding room, however, had kept a record of the number of infected 
mice discarded prior to the time our investigations began, thus ena¬ 
bling us to estimate closely the number of animals affected. 

The disease, as previously mentioned, was confined to infant mice, 7 to 24 
days old. It quickly spread in sporadic outbursts throughout the entire colony, 
with a somewhat higher morbidity among the Swiss than the Institute strain. 
From IS to 100 per cent of an individual litter would become sick; the average 
morbidity approximated 75 per cent, and of these 60 per cent died. In any cage 
litter mates that did not show signs of the illness within the first 48 hours after 
onset would invariably maintain their resistance completely. Their sleek, healthy, 
general appearance and activity were in striking contrast to those of their sick or 
recovering siblings. 

The epizoological curve in this disease was directly comparable to 
that described by Ljmch (2). The peak was in September, at which 
time the case incidence reached 35 per cent of an infant population of 
4,000. Following this, the incidence gradually receded to a low 
point in December and January, at which time 11 per cent of 2,900 
were ill. A secondary rise in February to 35 per cent of 3,800 infant 
mice was then observed with a subsequent abatement that is again 
approaching the previous low level at the time of writing. The 
occurrence of the two points of highest case incidence, namely, Sep¬ 
tember and February, corresponds to those found by Pritchett (15) 
in her studies on the seasonal variation in the susceptibility of five 
strains of mice to infection per os with B. pesHs caviae, a causal agent 
of mouse typhoid. 


Preliminary Investigations 

Investigations were first undertaken to determine possible etiological 
factors. 

Diet .—The routine diet used in the mouse room throughout the past IS years 
consists of a teaspoonful of stale white bread soaked in fresh, pasteurized, Grade B 
milt for each mouse daily, and is supplemented by a mixture of equal parts of 
oatmeal and buckwheat twice a week and by dog biscuit once a week. Substitutes 
for the various components of this diet, as well as substitutions of entirely different 
diets under well controlled conditions, were without effect in reducing the incidence 
of the disease, except in one particular, the details of which follow. 
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The extent of the morbidity and mortality was found to be depen¬ 
dent to a greater or less degree on the amount of water imbibed by 
pregnant females.* This is illustrated by the following protocol. 



No. of pregnant 
mice 

No. of mothers 
showing infected 
litters 

No. of young 
• affected 

No. of affected 
young that ^ed 

Given water with diet. 

B 

5 

14 

1 

Without water. 

6 

20 

11 




On the other hand, the epizootic continued when water was plenti¬ 
fully supplied to nursing mothers, so that the absence of this factor 
can be considered only as contributing to the gravity of the disease. 

Contacl Injection ,—^The infectious nature of the disease was determined by 
contact experiments in which sick mice were placed among normal, quarantined 
mice.* In four such experiments, in which 24 normal mice were used, 30 per cent 
of them developed the characteristic enteritis. Thus the resultant morbidity in 
the individual litters approximated that found in the epizootic as it occurred in 
the breeding room. 

Virus.—K virus as the cause was eliminated as follows: 

Repeated filtration tests were made: the filtrates of viscera, brain, and intestinal 
contents, as well as emulsions of spleen, liver, and brain subsequently found to be 
bacteriologically sterile were inoculated by intraperitoneal, intracerebral, sub¬ 
cutaneous, and intramuscular routes without apparent effect. Furthermore, 
there was an absence, in especially prepared and stained sections of affected tissue, 
of specific cytotropism or inclusion bodies, such as are commonly encountered in 
many ultramicroscopic diseases. 

Protozoa .—Repeated stool examinations and a study of pathological sections of 
the intestines and liver excluded a protozoal infection. 

Bacteriological studies now became more promising and it is to this 
aspect of the problem that the remainder of this paper will be devoted. 

* We are indebted to Dr. L. Whitman of the Rockefeller Foundation for his 
helpful suggestions as concerns this experiment. 

* Impregnated Swiss females were obtained from an outside source and kept in 
rigid isolation in a room apart from those used for experimentation. They and 
their offspring were employed in this and in the other experiments to be described. 
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Bacteriological Methods 

Heart’s blood, emulsions of spleen, liver, kidney, and brain, and contents of 
the different divisions of the large and small gut were used as the inocula for bac¬ 
teriological cultures. The media employed consisted of blood agar and Endo 
plates, a modification (16) of the leptospira media of Noguchi, and hormone broth. 

Results of Cultivation Tests 

Twenty-six mice showing typical signs of infection were used for 
cultivation purposes. From twenty, or 77 per cent, of these an or¬ 
ganism was recovered the major characteristics of which definitely 
place it in the genus Salmonella. This organism was isolated from 
the intestine in every instance, and also from the hearths blood on three 
occasions, and the liver and spleen, respectively, on four occasions. 
No other species of organism was recovered from the liver, spleen, or 
heart’s blood. 

The number of colonies on Endo plates was highly variable, ranging 
from one to two on several plates inoculated with material from the 
same mouse to almost pure cultures. It was observed that the colonies 
were more numerous and predominated over those of other bacteria 
at the height of the epizootic. 

Similar cultivation tests carried out on mothers of infected litters, 
including the mammary glands and excreta, yielded entirely negative 
results. 

Description of the Microorganism Recovered 

Morphology and Staining Reactions ,—It is a non-spore-forming, small bacillus 
1 to 3 M in length and 0.4m to 0.7m in diameter. It is readily stained. Gram-nega¬ 
tive, and although it usually appears discrete it may be seen in very short chains. 

Growth Characteristics ,—A variety of media readily supports its growth. Plain 
broth and agar slants, pH 7.4, show an abundant growth in 18 hours. Gelatin is 
not liquefied. Indol is formed. There is slight acidification but no coagulation 
of litmus milk. Nitrates are reduced to nitrites. 

In carbohydrate broth no acid or gas is formed in lactose, saccharose, raffinose, 
inulin, salicin, dextrin, amygdalin, or inositol. Acid and gas are formed in glucose, 
levulose, mannose, galactose, arabinose, rhamnose, maltose, xylose, trehalose, and 
sorbitol. The reactions in mannitol and dulcitol were slightly irregular with only 
an exceptional culture not forming acid and gas. Like other Salmonella, the 
special organism produces no clouding of lactose broth in the closed branch of the 
fermentation tube devised by Theobald Smith. The hydrogen sulfide and the 
Voges-Proskauer reactions are negative. 
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Serological Reactions, —Rabbit antisera were obtained that had an agglutination 
titer up to 1:12,800 for thirteen strains of the bacterium. The remaining seven 
strains recovered were all a variant that did not give the same agglutination titer 
but did conform in respect to sugar reactions, production of indol, and effect on 
litmus milk. Such serological variants are known to occur in natural or induced 
Salmonella infections in mice (4,17,18,19). Rabbit antisera prepared from the 
variant organism showed agglutination in a dilution*of 1:80 with the type 
bacterium. 

Speciffc agglutinins were demonstrated in serum from each of 23, or 34 per cent, 
of 67 recovered mice with two having an agglutination titer of 1:640, three 1:160, 
five 1:80, four 1:40, eight 1:20, and one 1:10. Agglutinins for the variant were 
present in the same percentage of recovered mice. Agglutinins were also demon- 
strated in the serum of mothers having litters 100 per cent affected, in that two out 
of twelve gave agglutination in titers of 1:40 and 1:320. 

It is noteworthy that agglutinins were not present in serum from normal quaran¬ 
tined mice; none of 50 showed agglutination.^ As a further control, a duplicate 
set-up was made using the mouse typhoid organism, M.T. II (20) or Salmonella 
aertrycke, with which entirely negative results were obtained with individual sera 
from 27 recovered mice, and from seven mothers having infected litters. 

A comparison with results obtained by other investigators in the 
related mouse typhoid epizootics is of interest. For example, Amoss 
(4) found that 22 of 56 survivors showed complete agglutination with 
Salmonella aertrycke cultures in 1:40 to 1:160 dilutions of serum. In 
one of Webster’s experiments (21) in which 100 mice were artificially 
infected with B, pestis caviae seven of 26 survivors revealed agglutina¬ 
tion with the homologous organism. Topley and Ayrton (22) and 
Topley, Ayrton, and Lewis (23) reported agglutinins in six of 68 in 
one series of induced infections and in seven of 55 in another. Hence the 
incidence of agglutinins was less than in the case of Amoss and greater 
than in that of the other investigators mentioned. 

Experiments on Pathogenicity 

Subcutaneous and Intraperitoneal Inoculation,^ —In determining the pathogeni¬ 
city of the recovered organism a preliminary experiment demonstrated that, with a 
saline suspension of an 18 hour agar slant growth, 100 million organisms were 
uniformly fatal when injected intraperitoneally or subcutaneously into infant 


* We arc indebted to Dr. L. T. Webster for several samples of normal mouse 
serum. 

* Ether anesthesia was used for all operative procedures. 
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mice, all of 24 dying within 48 hours. In titration of a similar preparation, 10,000 
bacteria were found to kill, whereas 1,000 organisms produced a non-fatal enteritis. 
The induced experimental disease showed pathological changes indistinguishable 
from the natural affection. The organism was again recovered from the heart’s 
blood, liver, and spleen of artificially infected mice in every instance. 

Intraperitoneal administration of the same organism to ten recovered mice in 
the massive dose of ISO million organisms resulted in the death of only four, or 
40 per cent. The disease was more protracted with death ensuing after as long 
as 15 days. Apparently a relative immunity to the microorganism had been 
acquired as result of a previous attack of the disease. 

Ingestion of Organisms, —Characteristic experimental enteritis could be repro¬ 
duced in infant mice by intraoral administration of cultures of the bacterium. 
Thus four of twelve animals receiving orally the cultures once on each of 3 con¬ 
secutive days became affected. 

Effects on Adult Mice, —Only relatively massive doses, that is, from 100 to 300 
million organisms, induced fatal enteritis on intraperitoneal injection into adult 
mice. A smaller number of bacteria apparently was ineffective. It is probable 
that, inasmuch as the twenty mice employed for this test were obtained from the 
breeding room, they had been previously exposed to the infection. As already 
stated, recovery from the disease induces resistance to the effects of a later inocula¬ 
tion of the organism. 

When the cultures were introduced intraoraliy by means of a syringe fitted with 
a blunt needle into four quarantined mothers, seven of twenty in the litters they 
were then suckling developed the non-lethal experimental disease. As a control, 
two mothers were treated similarly with paracolon bacilli with no evidence of 
illness in their litters; whereas two mothers given Salmonella aertrycke cultures per 
os showed in their litters of twelve young, characteristic mouse typhoid in all of 
them with a mortality of 80 per cent. 

Possible Toxin Production, —Intraperitoneal inoculation of 0.5 cc. of a Seitz 
filtrate of a 48 hour broth culture resulted in non-lethal enteritis in two of seven 
infant mice. Since the filtrate was free from microorganisms there is a possibility 
that the bacterium produces a toxin, but this substance is either weak or small in 
amount. 

The pathogenicity of the organism is of a lower grade than that of 
the enteritidis-aertrycke or mouse typhoid organisms (24, 25). This 
is substantiated by the apparent insusceptibility of adult mice, the 
lower mortality and morbidity among artificially infected young mice, 
and the low power of invasion in the natural disease. Infection 
with a mouse typhoid organism is followed by a septicemia that 
results in macroscopic changes in the liver and spleen with the infecting 
organism readily recoverable from these organs. In this epizootic it 
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was exceptional to recover the organism from the blood, liver, and 
spleen in the natural infection. 

Carriers 

The production of the disease in infant mice following intraoral 
administration of the bacterial cultures to mothers led us to consider 
the possibility of conveyance of infection by way of the mother’s milk. 
However, in six experiments we failed to recover the organism from 
the milk. 

In the first three recovered mice which were cultured, the Salmo¬ 
nella organism was obtained in each instance from intestinal contents. 
Hence one may infer that carriers exist and that the source of infection 
is in fecal, rather than milk, contamination. 

DISCUSSION AND SUMMARY 

It is now quite generally conceded that the presence in animals of 
bacteria of Salmonella type is indicative of an active, or potentially 
active, pathogenic agent (26). In the present instance bacteriological 
studies of the organs of acutely ill infant mice revealed the presence 
of one of the Salmonella group. It showed itself to be such by an 
absence of fermentation of lactose and saccharose, by other cultural 
reactions, and by cross-agglutination with certain members of the 
Salmonella group in very low dilutions of their antisera.* However, 
the bacterium cannot be included in any of the known species of the 
group because of its indol-forming properties, differences in carbo¬ 
hydrate reactions, and specific serological reactions. Its presence in 
affected mice, growth on artificial media, ability to cause the disease 
following enteral and parenteral inoculations, and the fact that it can 
be recovered from artificially infected mice fulfill the postulates of 
Koch. Furthermore, agglutinins are present in the blood of recov¬ 
ered mice and not in that of normal animals, and recovery of mice 

*The organisms Salmonella etUerUidis Gaertner, aertrycke (two strains), 
paratyphi, schottmtilleri Seiffert (two strains), and suipestifer\ and Eberthella typhi', 
Shigella dysenleriae Shiga, and paradysenleriae, variety Flexner, were used in the 
preparation of antisera. With the organism recovered in our studies cross-agglu¬ 
tination was present in titers not exceeding 1:200 only in the case of Salmonella 
enteritidis, aertrycke, schoUmiUleri Seiffert, and suipestifer antisera. 
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from natural infection evokes an apparent resistance against the 
special recovered Salmonella bacterium. The organism would appear 
to fall in the Asiaticus division of the genus, as designated by Castellani 
and Chalmers (27). 


CONCLUSION 

A study is herewith reported of an epizootic limited in its occurrence 
to suckling and newly weaned mice. The primary causal agent ap¬ 
pears to be a bacterium of Salmonella type. 
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RABBIT POX 

I. Clinical Manifestations and Course of Disease 
By harry S. N. GREENE, M.D. 

{From the Laboratories of The Rockefeller Institute for Medical Research) 

Plates 19 to 21 

(Received for publication, June 26, 1934) 

In December, 1932, a disease presenting many of the characteristic 
features of small pox in man appeared in a colony of rabbits main¬ 
tained for the study of problems of constitution and quickly assumed 
epidemic proportions with a high mortality in certain classes of ani¬ 
mals. The nature of the disease and the origin of the outbreak were 
obscure, but the picture presented indicated that the disease was due 
to a virus and not to a bacterial infection. This impression was 
supported by observations made in the spring of 1930 when there 
was a small epidemic of a disease presenting the same clinical and 
pathological picture. 

While it is known that infection with vaccine virus may be trans¬ 
mitted from one rabbit to another by contact or to other animals in 
the same room, the prevailing impression is that these infections 
usually are mild or asymptomatic. However, a number of severe 
epidemic infections have been attributed to neurovaccine virus. In 
the present instance, work with a number of viruses was being carried 
on in several laboratories, but at the time very little information could 
be obtained concerning the use of vaccine virus. It was subsequently 
learned, however, that prior to the outbreak of the epidemic in ques¬ 
tion, at least three laboratories had inoculated rabbits with vaccine 
virus and that in two of these neurovaccine had been used. Some of 
the inoculated animals were on a lower floor of a building in which a 
small section of the breeding colony was kept, while others were on 
the same floor of the building in which the main colony was housed 
and there were connecting links by means of which a highly contagious 
infection might be transported from one group of animals to another, 
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either in the same or in different buildings. If dissemination of vac¬ 
cine virus occurred among the experimental animals in these labora¬ 
tories, it apparently was not detected before the outbreak of this 
highly contagious disease in the breeding colony. 

It seemed desirable to investigate this disease as fully as circum¬ 
stances would permit. The colony in which tUe epidemic occurred is 
composed of pure bred and hybrid stocks of many breeds, and at the 
time of the outbreak contained more than 1,400 rabbits. Some were 
normal vigorous animals bred to standard specifications, while others 
showed or were known to transmit various physical and functional 
abnormalities. The colony had been under systematic observation 
for several years. The pedigrees and life histories of all animals were 
known, and the racial, familial and individual peculiarities of the 
stock had been made the subject of extensive investigation so that an 
unusual opportunity was presented for the study of the epidemic from 
several points of view. 

Clinical, pathological and epidemiological studies of the spontaneous 
disease were carried out by the author; etiological studies were made 
by Dr. Pearce, Dr. Rosahn and Dr. Hu. All of this work was re¬ 
stricted by the necessity for the preservation of as much of the colony 
as possible, the use of measures to prevent the spread of the disease 
within the colony as well as to other stocks of rabbits, and by the lack 
of adequate facilities for the systematic management and study of an 
epidemic of such extensive proportions. Despite these handicaps, a 
fairly complete series of observations and experiments was carried out. 

Investigations showed that the disease had been present in other 
stocks of rabbits for some time before it appeared in our breeding 
colony; later it was found in still other stocks, including animals 
imder experimental observation, normal animals in the general stock 
room from which animals are obtained for experimental purposes, and 
in the Institute breeding colony. It is evident, therefore, that infor¬ 
mation concerning this disease is not only of medical interest, but is 
also of interest to those who breed rabbits or use them for experimental 
purposes. The reports to be submitted are intended to cover these 
several fields of interest, but the spontaneous disease and the epidemic 
have been studied with especial reference to the r61e of predisposing 
and constitutional factors for which the material is peculiarly 
appropriate. 
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A brief summary of the outstanding features of the disease has been 
published.^ The purpose of this paper is to present the clinical studies 
in more complete form. This will be followed by papers dealing with 
the pathology of the disease and an analysis of the results obtained 
from a study of the epidemic. Experiments dealing with the trans¬ 
mission of the infection, the disease produced by inoculation and the 
identification of the infectious agent will be reported by Pearce, 
Rosahn and Hu. 

Materials and Methods 

Study of the spontaneous disease in its several relations was based on a stock of 
between 1,400 and 1,500 rabbits. A detailed classification of these animals will 
be given in connection with the epidemiological studies. For present purposes, 
it is sufficient to say that the colony contained pure bred and hybrid stock from 
sixteen breeds including males and females ranging in age from several years to 
new-born young. There were males in active service and others in reserve, while 
the females included resting, pregnant and nursing does. There were young of 
all ages and many litters were born during the epidemic. 

In the routine conduct of the colony, every litter is examined at birth and a 
record made. This is followed by a daily inspection of all young and of all nursing 
does for the purpose of noting any unusual development or any condition which 
requires attention, and the entire colony is examined once a week. These observa¬ 
tions are made by members of the staff, but in addition the caretakers have been 
trained to note and report anything unusual, thus affording a double check on the 
condition of the colony from day to day. 

Early in December the colony showed evidence of deterioration. Breeding 
operations were suspended, and a careful search was made for cases of illness in¬ 
cluding this particular disease. It was 2 weeks, however, before the first case 
was found. From this time on, cages containing infected animals were noted and 
all possible precautions were taken to prevent spread of infection until the disease 
became so widespread that further precautions appeared to be useless. How¬ 
ever, strict isolation of the colony was maintained for about a month after the 
last case of the disease developed and all external lesions had healed. 

During the epidemic, dead animals were collected daily for record and autopsy, 
cages containing young animals were inspected and obvious new cases of illness 
were recorded; sections of the colony were examined carefully day by day, especial 
attention being devoted to those animals which hitherto had shown no signs of 
illness. In this way, the entire colony was covered about twice a week and wc 
were able to determine with reasonable certainty which animals, if any, had 
escaped infection. In the handling of supposedly uninfected animals, hand 
disinfection was carried out. 


^ Greene, H. S. N., Proc, Soc, Exp, Biol and Med,, 1933,30,892. 
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As a part of the routine management of the colony, all dead animals are autop- 
sied. During the epidemic a special effort was made to distinguish between deaths 
due to rabbit pox and deaths due to other causes, to note conditions peculiar to 
rabbit pox and complications associated with the disease. The pathological 
material obtained in this way was supplemented by material from animals killed 
during all stages of the infection, including the period of recovery, and by material 
from animals presenting complications and sequelae of various kinds, especially 
those which persisted or developed after apparent recovery from the pox infection. 

Experiments were carried out to determine the length of the incubation period, 
the probability of acquiring the infection by the contact of normal with recovered 
animals, by the mating of normal with recovered animab and by offspring from 
recovered parents. Experimental tests were abo made to determine the extent 
of the effect produced on the reproduction capacities of both males and females. 

Signs and Symptoms of Disease 

The disease designated as rabbit pox occurred in two distinct forms, 
the one an asymptomatic affection which was recognizable only by 
the presence of characteristic lesions, while the other presented definite 
s)rmptoms of an acute infection. It was found, however, that in either 
case the diagnosis could not be made with certainty except by careful 
examination and the detection of certain distinctive lesions. The 
lesions found on examination of living animals are divisible into four 
groups: (1) lymphadenitis, (2) papular lesions of the skin and mucous 
membranes, (3) keratitis or ophthalmia and (4) orchitis. These will 
be described in the order given. 

Lymphadenitis .—^The lymphoid system was invariably affected and usually the 
first definite sign of infection was enlargement and induration of the popliteal 
lymph nodes. The nodes of the inguinal region and anterior triangle of the neck 
were abo consbtently enbrged, and the lymphoid masses of the pharynx were 
usually swollen and in many cases filled the greater part of its posterior portion. 
In other regions, enlarged nodes were occasionally found but, as a rule, no appreci¬ 
able change could be detected by palpation. Lymphadenitb persbted throughout 
the disease and in some animab was the only sign of infection. 

Lesions of Skin and Mucous Membranes .—A macular rash preceded the appear¬ 
ance of papules and occurred either as the first sign of infection or a day or so 
after the dbcovery of enbrged popliteal lymph nodes. The rash was vbible on 
those parts of the body not covered by hair and could be demonstrated elsewhere 
by dipping or shaving. 

After a variabb time papules erupted in the macubr areas (Figs. 3 and 4). 
They first appeared as extremely small elevated swellings and in some cases re- 
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mained hardly visible or palpable throughout the infection. In other cases, 
growth occurred in an irregular manner and all variations in size up to nodules a 
centimeter in diameter were present in the same animal. They eventually became 
umbilicated, dry and covered with crusts. The vesiculation and pustule formation 
characteristic of small pox did not occur. Crops of macules and papules appeared 
in successon, and all stages of papular development could be found in a single 
area as in chicken pox. In severe infections, there were hemorrhages in the skin 
and papules tended to be hemorrhagic. 

Papules were usually scattered irregularly through the skin of the entire body 
and were detectable with the greatest ease in the ears (Figs. 5 to 7), the lips, the 
eyelids and brows, the nape of the neck, the skin of the trunk and the scrotum 
(Fig. 17). Occasionally they occurred as confluent masses, but more commonly, 
although arranged in concentrated groups, individual lesions remained discrete. 
Such distributions were usually associated with an abnormal looseness of the coat 
and affected areas could be plucked bare with little effort. 

Papules were also common on mucous membranes and often occurred in 
confluent masses associated with extensive edema. They were found on the lips 
and inner surface of the cheek in most cases of severe infection (Fig. 9), and when 
confluent presented a striking picture. The edema usually involved neighboring 
tissues and caused an intense swelling (Fig. 10) which, in some cases, became hard 
and indurated and persisted long after other signs of infection had disappeared. 
Such areas often became necrotic and sloughed with the production of large defects 
which healed with scar formation and resulted in permanent disfigurement (Figs. 
19 and 20). The tongue and palate were frequently the seat of hard nodular 
infiltrations (Fig. 15), the centers of which often became necrotic and sloughed with 
the formation of deep ulcers. Occasionally the gums showed a diffuse greyish 
swelling with localized areas of necrosis extending to the roots of the teeth, which 
caused permanent damage or loss of teeth in recovered animals. These lesions 
were usually accompanied by a clear blood-stained secretion or a mucopurulent 
discharge from the nose, suggestive of snuffles i^Fig. 8), which dried with the forma¬ 
tion of thick, brownish, adherent crusts. 

Papules were also found about the anus, on the vulva of the female and on the 
sheath in the male. In these situations they usually occurred as discrete lesions. 
Occasionally they were confluent and accompanied by edematous swelling which 
caused obstruction of the urethra and retention of urine, and sometimes resulted 
in necrosis of the parts. 

An extensive edema of ears, legs, genitalia and tissues about the eye was also 
of common occurrence when such parts were severely affected. 

Eye Lesions ,—^Eye involvement was of almost constant occurrence and resulted 
in a variety of lesions (Figs. 11 to 14). Many cases of infection showed only a 
slight marginal blepharitis with excessive lacrimation, which usually accompanied 
the macular rash but sometimes preceded it. In some cases, infection spread to 
the lacrymal duct and a chronic dacryocystitis resulted. Diffuse keratitis with 
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corneal ulceration was common. Iritis and iridocyclitis occurred later in the 
course of infection and were often followed by secondary {glaucoma. In many 
animals, the occurrence of those individual lesions was masked by an outspoken 
purulent ophthalmia. Tjrpical eye lesions were occasionally the only visible sign 
of infection. 

Orchitis .—In males, the testicles usually showed a nodular or diffuse orchitis 
with edema of the scrotum (Figs. 16,17). The involvement in many cases was so 
extensive that sterility of animals seemed inevitable. Lesions resolved, however, 
with restoration of fertility in most instances. 

Clinical Course of Disease 

Incubation .—^During the epidemic, it was impossible to fix the time 
of exposure of a given animal or of animals in a given cage, so that 
the incubation period could not be determined with accuracy. How¬ 
ever, observations made on cage groups showed that there was con¬ 
siderable variation in the interval between the development of the 
first and subsequent cases of infection in the same cage. During the 
early stages and at the height of the epidemic, there was rarely more 
than 2 to 3 days between the development of the first and last cases, 
and not infrequently all of the animals came down at the same time. 
As the epidemic progressed, the irregularity increased until, in the 
terminal stages, the interval between known exposure and the 
appearance of definite lesions was frequently as much as a week and 
occasionally as long as 2 weeks. 

In order to determine the incubation period with greater accuracy, 
two experiments were carried out during the terminal stages of the 
epidemic. In each case, six rabbits 2 months old and of the same 
litter were exposed to infection in the following manner. In one ex¬ 
periment the six rabbits were placed in a clean cage with a rabbit of 
about the same age which showed an active infection, and left for 24 
hours after which the infected animal was removed. In the second 
experiment the animals were placed in a cage of the same size in which 
all except one of a group had died. The survivor was in the terminal 
stages of the disease and died in less than 12 hours. 

There was no decided difference between the results of the two 
experiments. Most of the animals came down between the 5th and 
7th days after exposure. The shortest incubation period was about 
4^ days and the longest 9 days. It seems probable that during the 
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height of the epidemic the average incubation period may have been 
shorter. On the other hand, it is known that, during the terminal 
stages, the incubation was as long as 2 weeks in some instances, and 
may have been longer. 

Symptomatology .—Constitutional S 3 anptoms of infection varied both 
in occurrence and severity, dependent upon breed, age and physio¬ 
logical status of affected animals, and, as has been pointed out, were 
frequently absent. A full account of this variation will be found in 
the report dealing with epidemiological studies. 

In typical cases the onset was marked by an elevation of temperature which in 
some instances was as high as 106°F., and animals were obviously ill. Apathy 
and loss of appetite were early symptoms and rapid prostration was not uncommon. 
Diarrhea was common in the early part of the epidemic, both in young animals 
and in adults, but was infrequent later and its occurrence in the early stages of 
the epidemic was probably influenced by a coexisting dietary disturbance. 

Symptoms resulting from involvement of individual organs were more constant. 
Infection of the upper respiratory tract was accompanied by labored respiration, 
mouth breathing and extreme weakness. Photophobia was commonly associated 
with lesions of the eye and could be recognized by partial closure of the lids. Ani¬ 
mals with extensive lesions of the mouth and tongue generally refused food, proba¬ 
bly more because of the pain caused by eating than from actual loss of appetite, 
and rapidly became emaciated. 

Nervous system involvement was manifest in some animals by incoordinate 
muscular movement, fibrillary twitching and nystagmus. Paralysis occurred in 
other instances and was usually limited to special muscle groups. The sphincter 
muscles were most commonly affected, and such cases showed dribbling of urine 
and frequent passage of loose fecal material which adhered to the perineum, 
hardened and, unless removed, blocked the anus and urethra, causing retention 
of urine and feces. Generalized paralysis was not common and usually occurred 
in the terminal stages of a severe infection. 

Types of Disease .—^The majority of affected animals showed general¬ 
ized lesions and symptoms referable both to systemic infection and 
involvement of individual organs. In many instances, however, 
lesions were more prevalent or conspicuous in a particular organ or 
part and although strict localization seldom occurred, this inequality 
allowed a basis for recognition of other disease types (Figs. 1, 2). 
Thus, in some cases the eruption in skin and mucous membranes con¬ 
stituted the clinical picture, while in others glandular enlargement, 
orchitis or ophthalmia was the only external manifestation of infection. 
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The limitation in distribution did not affect the severity of lesions, 
for they were no more pronounced than when associated with lesions 
of other parts. A purulent ophthalmia often persisted in an animal 
as the only sign of infection. On the other hand, a slight inflammation 
of the lids without lesions elsewhere was of equally frequent occurrence. 

Symptoms of constitutional disturbance bore little relationship 
either to distribution or severity of external lesions. The mildest 
cases of ophthalmic, genital and cutaneous infections were usually 
asymptomatic, but occasionally showed the severest signs of ill health. 
Moreover, animals with extensive lesions of these parts often appeared 
in perfect health. Asymptomatic cases were also common both in 
animals with widespread lesions and in others in which lesions were so 
poorly defined that their presence could only be detected by the most 
careful examination. In respect to moriality, however, such cases 
were as serious as others, and at autopsy animals showed typical 
changes in internal organs. 

Mild and abortive types of infection were common during the ter¬ 
minal stages of the epidemic, and a large proportion of animals of the 
most susceptible breeds and age groups survived infection contracted 
at that time. 

Effects in Pregnant and Lactating Does .—In pregnant and lactating 
does, infection produced the severest symptoms. 

Such animals were extremely ill and presented the characteristic facies of the 
disease, hunched in a comer of the cage in a stupor, breathing stertorously through 
nostrils obstructed by thick brownish crusts, lids partially closed over dull, luster¬ 
less eyes or glued together by dried secretions and, when forced apart, revealing 
a diffuse keratitis or destmctive ophthalmia. Pregnancy was commonly terminated 
by abortion and marked improvement usually followed. Abortion was also 
frequent in non-infected, apparently healthy does, both in the latter part of the 
pre-epidemic period and during the epidemic. Young boro at term were usually 
either dead, abnormal in some respect and non-viable, or deserted by the doe. 
Clinical or pathological signs of infection were never found in feti or young bom 
dead. Lactating does were even more seriously affected and unless relieved of 
the strain of nursing, rapidly deteriorated and died. The separation of young 
from nursing does often improved their condition and, in many instances, brought 
about rapid recovery. 

Complications .—^Some complications were of such frequent occur¬ 
rence and so intimately associated with the disease that they have 
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been described as signs of infection. Thus, comeal ulceration occurred 
in most animals showing eye involvement and was often followed by 
perforation, iridocyclitis or glaucoma. Chronic inflammation of the 
lacrymal duct with mucocele was occasionally observed. Laryngitis 
was a constant complication of upper respiratory infections and was 
frequently accompanied by edema of the glottis which caused the 
stertorous breathing characteristic of many cases. Infection of the 
submaxillary glands was common and occasionally resulted in visible 
enlargement. 

In many cases death was apparently due to a terminal broncho¬ 
pneumonia which was a frequent complication and in some instances 
may have resulted from the aspiration of foreign material due to dimin¬ 
ished sensibility of the larynx. Pulmonary abscess was less common 
but was the direct cause of the majority of postepidemic deaths. 
Other secondary pyogenic infections were rare. Dental abscess oc¬ 
curred in a number of animals and in a few instances involved the bone 
of the jaw. 

During the early part of the epidemic the disease was frequently 
complicated by gastrointestinal disorders. Diarrhea has been men¬ 
tioned. In young animals, the discharges consisted of thick tenacious 
mucous but in adults were usually made up of loose watery fecal mate¬ 
rial. Intestinal obstruction caused by impactions in the cecal region 
was also common. These disorders were of frequent occurrence 
previous to the epidemic and are not attributable to the disease. 
However, they were serious complications and when superimposed 
upon the infection, usually resulted in death. 

Mortality ,—^Death might occur within a few hours after infection 
was first noted or be delayed for days or weeks. The. total mortality 
was 46.4 per cent but showed wide variations in different age groups 
and breeds. Among animals less than 14 weeks of age, 71.8 per cent 
of cases of infection died; the mortality rate was highest among those 
4 to 8 weeks old. In adults, although the mean mortality was about 
15 per cent, the rate in different breeds varied widely, certain lines 
being almost completely wiped out while in others no deaths occurred. 

A full discussion of the mortality will be reserved for the report 
concerned with the epidemiological features of the disease. 

Recovery ,—Many animals with severe infections recovered (Fig. 18). 
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Prognosis based on the nature of S 3 rmptonis and type of disease some¬ 
times proved correct, but as a rule no indication of the final outcome 
of infection could be obtained from clinical examination. 

In cases of recovery, lesions underwent slow resolution extending 
over a period of weeks, and in some instances healed with the forma¬ 
tion of scars. Reactivation and reinduration of skin papules with the 
development of new lesions was occasionally noted after healing was 
well advanced, but it is not certain that relapse occurred. 

Sequelae .—^AU recovered animals bear stigmata of the disease. 
Corneal scars and scarred hairless areas in the skin of the ears (Fig. 21) 
have persisted to the present time. Many animals were permanently 
disfigured by the healing of large defects by secondary intention and 
subsequent contracture (Figs. 19, 20). In other instances, the slough¬ 
ing of portions of the genitalia rendered the animals unfit for breed¬ 
ing service. 

A variety of abnormalities of the incisor teeth resulted from gum 
lesions and dental necrosis. In many animals both primary and sec¬ 
ondary incisors were completely destroyed, and in others regeneration 
resulted in malalignment which led to direct antagonism with loss of 
cutting edge or to an outspoken deformity in which antagonism was 
entirely lost and growth, therefore, unrestrained. 

Although to outward appearances animals were sufficiently re¬ 
covered and fit for the resumption of breeding 2 months after the 
beginning of the epidemic, the occurrence of two widespread disorders 
later in the spring indicated that not even at that late date had they 
reached a normal level of general health and vigor. Although a 
thorough investigation of these conditions could not be made, they 
appeared to be attributable in part at least to the reaction of con¬ 
valescent and constitutionally weak animals to adverse nutritional or 
other environmental factors and, in this sense, were sequelae of the 
pox epidemic. 

The first disorder to appear was characterized by jaundice, progressive weakness 
and emaciation. After prolonged illness most adults improved or recovered, but 
the disease was usually fatal in young rabbits. Those that died were autopsied 
and showed marked cirrhosis of the liver of mixed type, entirely different from 
the cirrhosis due to cocddiosis. The second condition was characterized by 
paralysis of the hind quarters, atrophy and degeneration of the fibers of the mas- 
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seter muscles and extreme weakness—>a condition resembling that attributed to 
the addition of excessive amounts of cod liver oil to the diet of rabbits and other 
herbivora. The two conditions were occasionally combined in a single a-nimal 
and produced an affection which resembled clinically the hepatolenticular degenera¬ 
tion described by Wilson in man. The paralytic condition was the more fatal of 
the two and many seriously affected animals were killed. In addition to the 
muscular atrophy and degeneration, the only constant finding at autopsy was 
enlargement and cystic degeneration of internal lymph nodes. Gross changes in 
the cord or lenticular nucleus were not found and sections have as yet revealed no 
microscopic lesion. 

The frequency of litter, cage and location occurrence of these diseases sug¬ 
gested the possibility of infection, but attempts to transmit the diseases gave 
negative results (Pearce, Rosahn and Hu). The animals were on a diet which 
contained cod liver oil, and it is possible that this may have contributed to the 
production of one or both of these conditions. But on other occasions much larger 
quantities of cod liver oil have been used with no ill effects. The cause of the 
diseases is still obscure. It is possible, however, that prolonged feeding of oil 
which may have been of poor quality or added in excessive amounts played some 
part in the occurrence of these affections. 

Effects on Reprodmlion 

Breeding was resumed about 2 months after the beginning of the 
epidemic and a study was made of the reproductive capacities of 
recovered animals. A number of normal animals were added to the 
colony and their breeding record was used as a control. After a pre¬ 
liminary low fertility rate, the proportion of pregnant matings in 
recovered stocks rose rapidly, equalled that in normal animals, and 
by the end of April the unprecedented figure of 100 per cent fertility 
was reached. Abortions, still births and desertions were no more 
frequent than under usual conditions. 

In males testicular lesions resolved, parenchyma regenerated and 
the fertility of all recovered animals has been proved. Occlusion of 
the Fallopian tubes in the female occurred in some cases and sterility 
resulted. In most instances of this kind, however, blockage was 
present in only one horn of the uterus and the other bore young in a 
normal fashion. 

During the fall following the epidemic, the fertility of the colony, 
which was made up almost entirely of recovered animals and their 
offspring, was higher than at any period previous to the outbreak. 
However, there was an increase in the number of deaths of pregnant 
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and parturient females, and at autopsy all showed siinilar lesions con¬ 
sisting chiefly of changes in the liver comparable with those found in 
the toxemias of pregnancy. It is noteworthy that these were all 
recovered animals and showed large, persistent scars in the liver, but 
the exact relationship of the disorder to previous pox infection is 
uncertain. * 


Carrier Transmission 

Following the epidemic many seriously affected animals were dis¬ 
carded. However, a selected group was retained for tests of carrier 
transmission which were performed simultaneously with tests of repro¬ 
ductive functions. Normal animals were mated with recovered ani¬ 
mals, recovered males with normal females and recovered females with 
normal males, but in no instance was a mating of this kind followed 
by the development of disease. As a further test, normal animals of 
the most susceptible age groups were imported into the colony and 
were kept in continuous contact with recovered animals but showed 
no sign of infection. Moreover, approximately 500 litters containing 
over 2,500 animals have been bom from recovered animals since the 
end of the epidemic. All of these young have been examined clinically 
and many have been subjected to postmortem examination, but in 
no case has any indication of the transmission of the infection been 
found. 


Contagiousness of Infection 

A comparison of the present epidemic with that of 1930 indicates 
that the contagiousness of the infection may vary greatly in different 
epidemics. In 1930 only a small part of the colony contracted the 
disease. Spread of the infection was effectually checked by prompt 
isolation or killing of animals which developed the disease, as was 
indicated by the fact that there were no immunes among the survivors 
of the first epidemic. In the present instance, however, isolation of 
rooms with systematic disinfection and removal of infected or appar¬ 
ently healthy animals to other quarters had no appreciable effect on 
the spread of disease. 

At the beginning of the outbreak, infection invariably followed 
exposure and spread was so rapid that within 2 weeks the distribution 
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was pandemic, and in less than a month nearly every animal in the 
colony had been infected. Toward the end of the epidemic there was, 
however, a decrease in both the contagiousness and severity of the 
infection so that a few litters bom after the peak of the epidemic was 
passed entirely escaped infection; others showed only a mild disease 
with slow spread of the infection. Moreover, two experimental groups 
of the most susceptible age introduced into the colony at that time 
survived the disease. 

The pathology of epidemic rabbit pox will be described in a separate 
paper and the clinical manifestations will be discussed in conjunction 
with this phase of the subject. 

sxnaiARV 

The clinical manifestations and course of a highly contagious and 
acutely fatal disease designated as rabbit pox have been described. 
The general symptomatology of this infection varies within wide limits 
and accurate diagnosis rests on the occurrence of certain characteristic 
lesions. The most distinctive sign of infection is a pock-like eruption 
which is often outspoken and widespread over the body, but is some¬ 
times poorly defined and detectable only after careful physical exami¬ 
nation. Other lesions depend upon the involvement of particular 
organs and give rise to special symptoms. As a rule, the incubation 
period of the epidemic infection varies between 5 and 7 days. No 
evidence of the transmission of the infection by recovered animals 
could be obtained. Furthermore, breeding tests demonstrated that 
the reproductive capacities of most animals were not permanently 
impaired. 


EXPLANATION OF PLATES 
Plate 19 

Figs. 1 and 2. Litter mates with different types of disease. The course of 
infection was mild in the animal shown in Fig. 1 and external lesions were limited 
in the skin, while the animal in Fig. 2 was seriously ill and its posture is a manifes¬ 
tation of acute respiratory distress resulting from extensive mouth lesions. 

Fig. 3. Cutaneous lesions on the trunk of a young hybrid animal. The coat 
in this area was abnormally loose and was easily plucked by hand. Individual 
papules show considerable variation in size; many approach a centimeter in 
diameter, while others are barely visible. This difference is not entirely due to the 
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age of thelesion, for marked variation in size is also found among papules of equal 
maturity. Many of these lesions are hemorrhagic. 

Fig. 4. Skin of a pregnant Himalayan doe self-plucked for nest fur, showing 
both dry, crusted papules and others in earlier stages of development. Minute 
lesions of this type occurred in all adult Himalayans. 

Plate 20 

Fig. 5. Transilluminated ear showing early macular lesions distributed in the 
more vascular areas. 

Fig. 6 . Ear at the height of infection showing typical papules. 

Fig. 7. Ear showing imusually large papules with umbilication. 

Fig. 8. Sanguinous discharge from the nates in an acutely fatal infection. This 
was a frequent early sign of disease, and in the young Belgian rabbit shown in this 
photograph it was the only external sign of infection. 

Fig. 9. Typical papular lesions of the lips. 

Fig. 10. Diffuse edematous infiltration of the muzzle in a young Rex rabbit. 
Compare with Figs. 8 and 9. 

Fig. 11. Eye showing diffuse clouding of the cornea. This was the only visible 
lesion found in this animal—a monosymptomatic infection with no constitutional 
symptoms. 

Fig. 12. Panophthalmia with total destruction of the lens. 

Fig. 13. Purulent ophthalmia with ectropion of lids. 

Fig. 14. Unilateral secondary glaucoma. A common sequel of ophthalmic 
infections. 

Fig. 15. Nodular lesions of the tongue and palate with infiltration of gum 
margins. 

Plate 21 

Fig. 16. Diffuse orchitis with edema of scrotum in an adult Belgian buck. 

Fig. 17. Nodular orchitis with papular lesions of scrotum in an American 
blue buck. 

Fig. 18. Recovery with permanent impairment of vitality after severe illness. 

Fig. 19. Healing of a diffuse lesion with contracture resulting from necrosis and 
sloughing of a portion of the right upper lip. 

Fig. 20. Gangrene followed by sloughing of upper lips and nose in a young 
Rex. The incisor teeth show malocclusion resulting from the infection in which 
the upper and lower cutting edges are in apposition. Root infections with perma-. 
nent injury to the teeth were common. 

Fig. 21. Scarred hairless areas in the skin of the ears 1 year after recovery. 
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RABBIT POX 

II. Pathology op the Epidemic Disease 
By harry S. N. GREENE, M.D. 

{From the Laboratories of The Rockefeller Institute for Medical Research) 

Plates 22 to 24 

(Received for publication, June 26, 1934) 

The clinical manifestations of epidemic rabbit pox have been de¬ 
scribed.^ The purpose of this paper is to record the results of patho¬ 
logical examinations. 

Material and Methods 

The epidemic of rabbit pox was preceded by an increase in gastrointestinal and 
nutritive disorders and infections of the upper respiratory tract with a consequent 
increase in the number of deaths due to those causes. These conditions were 
prevalent during the epidemic so that animals coming to autopsy represented not 
only deaths due to rabbit pox, but also deaths due to other causes and to rabbit 
pox complicated by other conditions. 

During the epidemic, postmortem examinations were made on over 900 rabbits. 
These included deaths from various causes and animals killed for the purpose of 
obtaining material representing all stages of the disease uncomplicated by other 
conditions. The methods employed in the collection of material were outlined in 
the previous paper. Tissues were fixed in 10 per cent formalin, Zenker’s and 
Helly’s fluids and sectioned in paraffin. Sections were stained with hematoxylin 
and eosin; Giemsa’s stain was also used in examinations made for inclusion bodies. 

Gross Postmortem Findings 

The postmortem picture was not always characteristic and in some 
cases diagnosis was questionable, owing to the absence of distinctive 
macroscopic lesions or to the confusion created by other conditions 
prevalent at the time. As a rule, however, marked*alteration in the 
gross appearance of tissues and organs and the occurrence of wide¬ 
spread focal lesions in the skin or elsewhere made identification of the 
disease possible. 

»Greene, H. S. N., 7. Exp. Med., 1934, 60, 427. 
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Areas of focal infiltration and necrosis were nearly always present and formed 
the most definite evidence of infection. Apart from the skin (Figs. 1,2), mouth 
(Figs. 8, 9) and upper respiratory tract, they occurred with the greatest frequency 
in the liver, spleen and lungs, but were found in every organ of the body with the 
exception of the brain and kidneys. 

The general appearance of animals dying from fulminating infections neces< 
sarily differed from that of animals in which the course of disease was more pro¬ 
tracted. As a general rule, however, animals were well nourished with an abun¬ 
dance of fat in normal depots, and only in those cases associated with obstruction of 
the pharynx or with extensive ulceration of the tongue and mouth was extreme 
emaciation found. 

Subcutaneous tissues were often markedly edematous and pea-sized nodules of 
necrosis were occasionally found in fat and connective tissue. Muscle and serous 
membranes rarely showed clearly defined focal lesions but small miliary hemor¬ 
rhages were common (Fig. 3). 

Lesions within the Abdominal Cavity 

The peritoneal cavity usually contained an excess of free fluid which in rare 
cases was blood-stained. Small areas of fat necrosis were common in the omental, 
mesenteric and retroperitoneal fat, and occasionally characteristic pearly white 
nodules of pin-head size were scattered over the surface of the peritoneum. 

Stomach and Intestine ,—The stomach was usually filled with food, and in 
many cases, although autopsy quickly followed death, digestion and perforation 
of the walls had occurred. Small petechial hemorrhages were occasionally found 
on the surface of the cecum and small bowel, but otherwise focal lesions were 
extremely rare. 

In some cases, the intestines were distended with fluid and gaseous material 
and the anal region stained with diarrheal discharges. In others the cecum and 
upper portion of the colon were filled with masses of fecal material which were 
hard and dry or of a stiff, putty-like consistency. These masses were of variable 
extent and usually they were separated by accumulations of a thick tenacious 
mucoid material. Occasionally, this condition was found in the lower portion of 
the small as well as in the large intestine. It was also present in animals dying 
of other causes before and during the epidemic so that it cannot be regarded as 
peculiar to rabbit pox. It is rather evidence of an abnormality connected with 
the epidemic and accentuated by pox infection. 

Liver .—The liver was always involved and usually had a characteristic appear¬ 
ance. In typical cases it was moderately enlarged, firm in consistency and pale 
yellow or yellowish brown in color with a profusion of translucent pearly white or 
opaque grey nodules a millimeter or more in diameter scattered over its surface 
and distributed throughout the organ (Fig. 5); nodules were occasionally found in 
the wall of the gall bladder. In some instances, these small lesions were accom¬ 
panied by larger irregular areas of necrosis measuring as much as 0.5 cm. in 
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diameter. In other cases the liver was markedly enlarged and showed an extreme 
degree of yellowish red mottling suggestive of passive congestion. In fulminating 
cases, characteristic nodules were usually absent. 

Spleen,--T\it spleen was invariably affected, and as a rule was moderately 
enlarged, dark red in color, firm and showed a few small areas of necrosis compar¬ 
able with those found in the liver (Fig. 6).* The greatest enlargement occurred in 
fulminating cases and in those associated with secondary infection. Under these 
conditions the spleen was soft and considerable blood and pulp could be scraped 
from its cut surface. Exceptionally, the organ was normal in size, a dirty greyish 
brown in color and showed numerous focal lesions. 

Kidneys and Adrenals .—The kidneys were enlarged and pale but characteristic 
macroscopic lesions were never demonstrated. The adrenals were usually large 
and greyish yellow in color; they were soft and showed a loss of architectural 
definition suggestive of autolysis, but occasionally distinct areas of focal necrosis 
were found. 

Genitalia .—In the female the ovaries and uterus were often riddled with focal 
lesions. Infection of the uterus was frequently accompanied by a purulent exudate 
and abscesses were sometimes found in the wall. This was particularly true of 
animals which had recently aborted or given birth to young. The testicles of the 
male were always enlarged, and in most instances contained numerous focal and 
diffuse areas of necrosis varying from minute nodules to lesions a centimeter or 
more in diameter. Edema and hemorrhage were present in some cases. 

Lesions within the Thorax 

The pleural and pericardial cavities usually contained an excess of clear fluid 
and occasionally were markedly distended. Purulent exudates were not seen. 
Focal lesions were common on pleural surfaces but rare on the pericardium. 

Lungs .—The lungs showed a variety of conditions. Visible or palpable lesions 
were nearly always present but occasionally the lungs were normal in appearance. 
The most constant lesion was a small subpleural nodule, and in some instances 
these were peppered thickly over all surfaces (Fig. 4). In early and uncomplicated 
infections, these translucent or pearly white nodules were frequently the only 
lesions present. More advanced cases showed typically necrotic, miliary nodules 
and occasionally larger pea-sized areas of necrosis with irregular patches of consoli¬ 
dation (Fig. 7). These areas of consolidation frequently measured a centimeter 
or more in diameter on the pleural surface and extended into the underlying tissue 
of the lung as a conical or wedge-shaped mass. They were greyish yellow or a 
dirty greenish grey color and sometimes were surrounded by a narrow zone of 

* The spleens shown in Figs. 5 and 6 are from Belgian hares. The enlargement 
is more marked than was generally observed at autopsy and is due in part to a 
coincident abnormality of the spleen found among animals of this breed in our 
colony. 
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hemorrhage or congestion as in the case of an infarct. Occasionally these were the 
only macroscopic lesions found. Diffuse consolidation of one or more lobes was 
seen in some animals but was less frequent than other lesions. 

The trachea and bronchi appeared normal in early cases. In more advanced 
cases, they usually contained an abundance of white frothy material which rarely 
was blood-stained. ^ 

Heart, —^I'he heart was usually pale in color, soft and relaxed. In other in¬ 
stances it was normal in appearance. In a few cases marked distension of all 
chambers with fluid blood was noted. Rarely focal lesions were found in the 
myocardium. 

Thymic, —The thymus was generally enlarged and occasionally markedly 
edematous. Petechial hemorrhages were of almost constant occurrence and focal 
areas of necrosis were common. 

Lesions of Miscellaneous Organs 

Lymph Nodes, —^Lymph nodes were not universally affected. The most pro¬ 
nounced abnormalities were found in the pharyngeal and deep cervical nodes and 
in the superflcial nodes in general, especially the popliteab. As a rule, these 
nodes were swollen and edematous and frequently showed characterbtic focal 
lesions; occasionally they were dark red in color or contained petechial hemor¬ 
rhages. In contrast with this, characteristic changes were rarely seen in the 
thoracic and abdominal nodes. Occasionally they were slightly swollen and 
edematous but, as a rule, no gross alterations could be detected. 

Bone Marrow arid Periosteum, —The bone marrow was always abundant but 
showed many variations in color and consistency. Frequently it was reddish 
grey in color with small scattered hemorrhages and larger greyish areas of necrosis. 
Under such conditions it was generally of normal consistency. In many instances 
it was uniformly grey in color and cheese-like in consistency. Rarely it was dark 
red and fluid. 

The periosteum often showed greyish red elevated thickenings interspersed with 
areas of hemorrhage. These lesions were most common in the periosteum of the 
flat bones of the skull. 

Thyroid and Parathyroids, —The thyroid, as a rule, was small and pale and 
often showed focal lesions. Parathyroids were likewise generally small but focal 
lesions were much less common. 

Brain and Spinal Cord, —The brain ordinarily showed no other abnormality 
than an engorgement of pial vessels. In a few cases there was a slight increase in 
the amount of cerebrospinal fluid, and in one animal the ependyma of the lateral 
ventricles was markedly granubr. 

The spinal cord was usually normal in appearance. In a few instances it was 
slightly swollen and edematous. 

Submaxillary Gland. —^The submaxillary gbnd was almost invariably enbrged 
and contained localized and diffused areas of necrosb. 
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Microscopic Findings 

Both in the gross and microscopically, the most distinctive lesion 
in all organs and tissues was the sharply circumscribed nodule or 
papule. More diffuse lesions arising either from the coalescing of 
adjoining nodules or the simultaneous affection of large areas were 
also common. Microscopically, the composition of these lesions varied 
somewhat with their location and age but, in general, affected areas 
showed comparable histological changes. 

The fully developed nodule or papule was found to be made up of a central area 
of necrosis in which cell outlines and cell types were completely lost, surrounded by 
a zone of mononuclear cell infiltration. This zone and the neighboring tissues were 
usually edematous and occasionally hemorrhagic. In the more diffuse lesions the 
focal character was entirely lost, large areas of tissue were infiltrated, necrosis was 
widespread and edema was marked. Both types were found together in fatal 
infections, but among animals killed in early stages of the disease there was a 
notable tendency for the lesions of a given animal to be limited to either the dis¬ 
crete or the diffuse form. 

Skin and Mucous Membrane ,—Characteristic lesions of the various types were 
found in the corium and subcutaneous tissues. The epithelial changes character¬ 
istic of small pox in man were not found. In early lesions the epidermis remained 
intact and unaltered. Pathological changes were demonstrable only in those 
cases associated with large necrotic areas in the corium. These consisted in 
atrophy and degeneration and suggested secondary nutritional or pressure disturb¬ 
ances rather than the localization of the specific cause of the disease in the epider¬ 
mis itself.* 

Similar lesions were found in the mucous membranes of the mouth and pharynx 
but in this situation focal lesions were generally larger and diffuse edematous in¬ 
filtrations were of more frequent occurrence. 

A large amount of material from fatal cases of infection and from 
animals killed at earlier stages of the disease was examined with a 
view to determining the pathogenesis of focal and diffuse lesions. It 
was found that in both cases the lesions began as a vascular or peri¬ 
vascular process affecting blood vessels and lymphatics, but the devel- 

* In a recent epidemic of a disease presenting identical clinical signs and symp¬ 
toms, the lesions of the skin were not limited to the corium, but were also found 
in the epidermis where they consisted of focal epithelial degeneration, vacuoliza¬ 
tion and vesicle formation. This disease was less contagious and far less fatal 
than that described in this report. 
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opment of the lesion was most clearly defined in the case of the smaller 
blood vessels. In the earliest lesions the endothelium of affected 
vessels was swollen and granular and occasionally detached. There 
was no apparent alteration in the walls of the vessel, but the perivascu¬ 
lar tissues were slightly distended with a serous exudate and contained 
a few cells grouped in loose collar formation about th4 affected vessels. 
The cells were chiefly large mononuclears with some lymphocytes and 
occasional polymorphonuclear and red blood cells. There was also 
an appreciable tendency to the accumulation of leucocytes in the 
lumen of the vessel, and occasionally cells were seen penetrating the 
vessel wall. 

As the lesion progressed, the process assumed either a focal or 
diffuse form. In the case of focal lesions (Fig. 14), the accumulation 
of cells increased both inside and outside of the vessel. The walls of 
the vessel showed hyaline changes and eventually the outlines of the 
vessel were lost. The cells at the center of the nodule thus formed 
became necrotic and disintegrated so that cell outlines and cell types 
were no longer recognizable. At this stage, the lesion was composed 
of a central area of necrosis surrounded by a zone of mononuclear 
cells of variable extent. This zone and the adjacent tissues were 
edematous as a rule, and occasionally hemorrhagjc. 

Lesions of this t3T>e varied from extremely minute granules to masses 
a centimeter or more in diameter. They were widely scattered or in 
close proximity to one another but, as a rule, the intervening tissues 
were little if at all affected. 

Diffuse lesions differed from the focal in that, from the beginning, 
there was a more widespread involvement of blood vessels and lym¬ 
phatics with less tendency to the concentration of cellular elements 
about affected vessels. In typical cases, cells and fluid were spread 
diffusely through the tissues (Fig. 13); mononuclear cells still pre¬ 
dominated but there was considerable increase in the relative number 
of polymorphonuclear and red blood cells. Widespread edema and 
extensive necrosis of tissues were characteristic features of these 
lesions and hemorrhage was a frequent occurrence. 

There was no truly pustular stage in the development of either focal 
or diffuse lesions. With the extension of the necrosis in the deeper 
layers of the skin, the blood supply to adjacent tissues was cut off or 
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impaired, giving rise to an anemic necrosis which frequently extended 
well beyond the limits of the specific lesion. In this way many focal 
lesions extended to the surface with the formation of ulcers covered 
by crusts, while confluent and diffuse lesions gave rise to mass necrosis 
or gangrene followed by sloughing of larger masses of tissue. 

There was no evidence that a pyogenic or other secondary infection 
played any part in the production of these lesions. Focal and diffuse 
reactions had a common mode of origin, but from the beginning they 
pursued a different course. Evidently the difference was mainly one 
of degree and was referable to the extent of the vascular injury on the 
one hand, and the ability of the animal to limit the action of the causa¬ 
tive agent on the other. As a rule, given animals showed a tendency to 
one type of reaction or the other, but with the progress of the disease 
focal lesions frequently became confluent and occasionally gave way 
to an outspoken diffuse reaction. 

Lungs .—^The lungs showed focal and diffuse lesions comparable in all respects 
with those of the skin. Circumscribed areas of mononuclear inffltration were 
found in the vicinity of small blood vessels (Figs. 12, 15) and occurred with the 
greatest frequency near the pleural surface of the lung, but were also situated deep 
in its substance and occasionally were scattered profusely throughout a section. 
They were rarely as sharply circumscribed as those found in the skin, and fre¬ 
quently alveolar walls extending from such foci were infiltrated and swollen with 
exudate. Occasional sections showed thickening and infiltration of alveolar walls 
with no clearly defined focal lesions. This infiltration was sometimes widespread 
but more often occurred in scattered patches without relation to the bronchi. 
More diffuse lesions in which large areas were infiltrated with an exudate rich in 
mononuclear cells and fluid and containing many polymorphonuclears were com¬ 
mon in more advanced cases of infection, but were also found in association with 
early focal infiltrations. Older lesions showed varying degrees of degeneration, 
and in fatal cases total necrosis of an entire lobe was not uncommon. Lesions of 
this kind were comparable with the areas of mass necrosis seen in the skin. In 
rare instances, there were also extensive areas of consolidation composed mainly 
of polymorphonuclear cells which appeared to be due to the action of some secon¬ 
dary invader. 

In early cases of infection the peribronchial lymphatic tissue was generally 
hyperplastic, but the bronchi themselves showed no pathological alteration. In 
many fatal cases, however, their walls were infiltrated and necrotic and their lumina 
plugged with exudate and desquamated epithelial cells. The absence of primary 
bronchial changes and the great frequency of focal interstitial lesions would sug¬ 
gest that the infection spread through blood and lymphatic channels rather than 
through bronchial passages. 
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—The liver was occasionally engorged with blood but, a rule, showed in 
addition to the focal and diffuse areas of infiltration and necrosis only an extreme 
degree of cloudy swelling. Early foci were closely associated with blood vessels in 
the portal spaces (Fig. 10) but older and more diffuse lesions extended into the liver 
parenchyma and resulted in extensive destruction of lobules.^ Fatty degeneration 
was marked in some cases but was also a common finding in animals which showed 
no evidence of pox infection. In fulminating infections, typical focal necroses 
were not found and the microscopic picture was that of an acute diffuse degenera¬ 
tion and necrosis involving the whole organ. Individual cells were swollen, 
granular and indistinct with pyknotic nuclei, and in scattered areas were definitely 
necrotic. Mononuclear infiltrations were absent. 

Spleen^ Lymph Nodes and Bone Marrow ,—The spleen showed a varying degree 
of congestion, which in some cases was extreme. The sinuses were distended and 
contained an excessive number of mononuclear cells; polymorphonuclear leuco¬ 
cytes were rare. Immature leucocytes and nucleated red cells were common. 
Malpighian corpuscles were generally enlarged, edematous and contained cells 
larger and more granular than normal; rarely the corpuscles were reduced in size. 
Focal and diffuse areas of necrosis were found in many instances. Focal lesions 
were most frequent on the surface but were also found in Malpighian corpuscles. 
Occasionally necrosis was widespread throughout the organ, the pulp consisting of 
a homogeneous mass of degenerating cells and pigment, while the Malpighian 
corpuscles were represented by nests of nuclear detritus. 

Superficial lymph nodes were generally hyperplastic with large active germinal 
centers. Their increased size, however, was in large part due to edema. Sinuses 
were distended with fluid and individual cells widely separated. The deep cervical 
nodes were most markedly affected and frequently showed cystic dilatation of 
their medullary sinuses. These changes were often accompanied by discrete and 
diffuse areas of necrosis and, in many instances, entire nodes were necrotic. 

The bone marrow in many fatal cases was involved in so widespread a necrosis 
that many sections failed to show a single normal cell (Fig. 11). In other instances 
small focal necroses were scattered throughout and hemorrhages were common. 
In less affected areas vessels were engorged with blood, large and small mononu¬ 
clear cells were abundant, while polymorphonuclear cells were rare. 

Miscellaneous Organs .—Cloudy swelling in the kidneys was so marked that 
many tubules were completely occluded. Other tubular or glomerular changes 
did not occur and necrotic foci were never found. 

The adrenals often showed focal areas of necrosis. Widespread degeneration 
and disintegration were common in fatal cases but may have been of postmortem 
origin. In animals killed and immediately autopsied, however, similar but less 
marked changes were found. Diffuse areas of necrosis were of rare occurrence. 

Discrete and diffuse areas of necrosis were common in the testicle. In early 
lesions there were scattered patches of mononuclear cells in the interstitial tissue 
and around the tubules. These increased and eventually became necrotic. In 
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some instances, the necrosis was limited to small areas, while in others there was 
widespread necrosis of interstitial tissue and tubules. 

The ovaries were usually hyperemic and frequently showed focal lesions. Sim¬ 
ple cysts were also common. The walls of the uterus often contained multiple foci 
of necrosis and abscesses were occasionally found. 

Necrotic foci, areas of hemorrhage and edema were frequent findings in the 
submaxillary gland, thyroid and thymus. 

The walls of the gastrointestinal tract were generally hyperemic with small, 
scattered areas of hemorrhage and enlarged lymphoid follicles, but typical necrotic 
foci were not observed. 

The heart showed no singular microscopic changes. Vacuoles were occasionally 
found in muscle fibers but cellular infiltrations or necrotic lesions were absent in 
the sections examined. 

In other regions of the body muscle fibers were frequently separated by edema, 
and diffuse cellular infiltrations, hemorrhage and necrosis were common. 

Many sections were taken from different parts of the brain, but aside from en¬ 
gorgement of vessels, no definite pathological changes were found. 

Vascular Lesions ,—Vascular damage was intimately associated with all lesions 
and formed the focus for the cellular infiltrations characteristic of the disease in all 
organs and tissues. Early changes consisting of swelling and desquamation of 
endothelial cells were found in small vessels and precapillaries in the vicinity of 
fresh infiltrations. In focal lesions the immediate surrounding tissues were 
infiltrated with mononuclear cells which, in some instances, could be observed 
migrating through the vessel wall. In diffuse lesions endothelial damage was more 
intense and more widespread. Later stages were characterized by hyaline de¬ 
generation and necrosis of the vessel wall. But in the larger vessels no distinctive 
lesion could be detected. 

Inclusion Bodies ,—A thorough search was made for inclusion bodies in specially 
cut and stained sections. Many tissues from animals in different stages of infec¬ 
tion were examined, but in none were cytoplasmic or nuclear changes found which 
were sufficiently characteristic to be called inclusion bodies. 

DISCUSSION 

Epidemic rabbit pox is the most destructive contagious disease 
which we have encountered in the rabbit. Its extreme contagiousness 
and high mortality in certain classes of animals are comparable with 
the scourges of small pox in man and, in many other respects, the 
rabbit infection shows resemblances to this disease. In typical cases 
the characteristic features of small pox are duplicated and present the 
distinguishing signs of infection. The cutaneous eruption preceded 
by an erythematous rash and passing through the stages of papule, 
pustule and crust, the involvement of special organs, the complica- 
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tions and saquelae are similar in both diseases. The at 3 T[>ical forms 
of the two diseases also show similar modifications with lesions ran^ng 
from confluent eruptions to inconspicuous papules and S3rstemic 
reactions varying from the complete absence of detectable s}miptoms 
to extreme prostration. The severity of the infection in pregnant 
and lactating females, the occurrence of abortions and the high mor¬ 
tality in yoimg animals are especially significant. 

Pathologically, the lesions in the skin of the rabbit were more deeply 
situated and resembled more closely those of the mucous membrane 
in man; they did not show the t 3 T)ical epithelial changes which have 
been described in the formation of vesicles and no t)^ical inclusion 
bodies were found. In other respects the two diseases appear, both 
clinically and pathologically, to be essentially the same or identical. 
The absence of typical vesication and the failure to find inclusion 
bodies may be referable to the deep location and rapidly destructive 
nature of primary lesions. This assumption is borne out by subse¬ 
quent experience with a less severe form of infection in which typical 
vesicles and inclusion bodies were present. 

Characteristic lesions occurred with greatest frequency in the skin 
and mucous membranes of the mouth, nose and pharynx, in the lungs, 
liver, spleen, lymph nodes and bone marrow, and in the testicles and 
ovaries. In fatal cases of infection focal or diffuse lesions or both were 
nearly always present in these organs, but in some fulminating infec¬ 
tions no lesions could be found in the skin. 

Diffuse and focal lesions occurred together or as alternative proc¬ 
esses, apparently depending upon the severity of the infection. In 
fulminating cases of disease, there was widespread degeneration and 
necrosis of cells comparable with those found in many infections and 
intoxications and in no way distinctive. The more common diffuse 
lesions, however, presented the characteristics of an acute inflam¬ 
matory reaction in which extensive edema, a variable amount of 
hemorrhage, marked mononuclear but comparatively slight poly¬ 
morphonuclear infiltration and widespread necrosis were distinctive 
features. Focal lesions consisted of clearly defined mononuclear 
infiltrations in which polymorphonuclear cells were almost entirely 
absent and edema and hemorrhage were less marked than in the 
diffuse form. 
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Focal lesions were intimately related to small blood vessels which 
usually showed varying degrees of endothelial damage. Diffuse 
lesions were also associated with vascular injury which, in cases not 
obscured by necrosis, was sometimes found widespread in small ves¬ 
sels and precapillaries. More frequently the damage was localized in 
single vessels, but was more intense than in focal lesions and accom¬ 
panied by extensive edema and beginning necrosis in surrounding tis¬ 
sues, indicating that this type of diffuse lesion arose from extension of 
a focal process. In many fatal cases, however, necrosis was wide¬ 
spread and with loss of histological details, the original focal or diffuse 
nature of the lesion could not be determined. This was particularly 
true of pulmonary lesions which, in advanced cases, usually showed 
extensive consolidation with an exudate largely made up of mono¬ 
nuclear cells but also containing many polymorphonuclear cells and 
mass necrosis. 

In view of the interest which has been manifested in the etiology of 
pneumonia in virus infections, it may be pointed out that lesions of 
this kind were not peculiar to the lungs. Similar processes were 
observed in the lesions of the skin which at times spread very rapidly 
with the development of a massive edema followed by necrosis and 
sloughing of the affected part. In these cases the exudate also con¬ 
tained a number of polymorphonuclear cells. Many of these animals 
survived, and it is worthy of note that the acute diffuse reaction was 
not followed by abscess formation as would be expected if the lesion 
were due to a secondary bacterial infection. Healing occurred as in 
the case of the t 3 q)ical focal lesion which supports the view that the 
diffuse reactions with edema, hemorrhage and infiltrations containing 
polymorphonuclear cells were produced by the action of the same 
agent which was concerned in the production of the focal lesions. 
From the information at hand, the action of a secondary invader 
cannot be excluded. At the same time, it must be remembered that 
the presence of a secondary invader does not prove that it played any 
essential part in the production of the lesion, and from the evidence 
available it appears that in this disease both the diffuse and the focal 
lesions were attributable to the same organism. 

As a matter of fact, the diffuse reaction in the skin corresponds 
closely with the lesion usually obtained by a cutaneous or intracuta- 
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neous inoculation of vaccine virus, and any doubt concerning the 
etiology of pulmonary lesions is equally applicable to lesions of the 
skin, including those produced by inoculation with bacteria-free fil¬ 
trates as well as the lesions seen in sp)ontaneous infections. 

Other lesions to which attention should be directed are those of 
the hematopK)ietic system, which in many fatal cases were so extensive 
that complete destruction of individual organs resulted. In such 
instances the spleen, bone marrow and many lymph nodes were so 
necrotic that microscopic identification depended rather on general 
outlines than on histological detail. The most constant finding, aside 
from the widespread necrosis in these organs, was the almost complete 
absence of pol 3 anorphonuclear cells. The sinuses of the spleen con¬ 
tained numerous mononuclear leucocytes but other forms were scanty, 
and in the bone marrow although their mononuclear antecedents were 
plentiful, polymoiphonuclear cells themselves were extremely rare. 

The remarkable healing of lesions of this disease in recovered animals 
is also worthy of mention. This was particularly noticeable in the 
organs of generation which, although most extensively affected, were 
repaired with restoration of spermatogenesis and ovulation. Cases 
were numerous in which clinical examination indicated universal and 
profound parenchymal damage. Yet such animals rapidly recovered 
normal functions and, in less than a month, were capable of active 
breeding service, and in general behavior could not be distinguished 
from normal animals. 

Small pox was once regarded as among the most serious menaces to 
man, and in recognition of this fact protective measures were instituted 
which are unsurpassed by those employed against any other disease. 
Rabbit pox is clearly a serious menace to the rabbit and unless ade¬ 
quate precautions are taken, may seriously reduce the usefulness of 
the rabbit as an experimental animal. Typical cases of the disease 
are as easily detected as typical cases of small pox, but at 3 q)ical and 
asymptomatic infections might escape detection or be mistaken for 
snuflSes or for some innocuous disease. But because of their insidious 
and highly contagious nature they are a highly dangerous form of 
infection. Careful examination will, however, reveal sufficiently 
definite signs of infection in all forms of the disease to arouse suspicion 
or to make a positive diagnosis. From previous experience, it also 
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appears that if sporadic cases of infection are detected before the 
disease has become epidemic, the infection can be suppressed by the 
destruction or isolation of infected and exposed animals. Such meas¬ 
ures are apparently of no avail during the height of an epidemic. 

The probable origin of the epidemic will be discussed in a subse¬ 
quent paper. It may be said, however, that available evidence indi¬ 
cates that the infection which was responsible for the present epidemic 
was not introduced from the outside but originated in the Institute 
and was either masked by some other disease or spread in atypical 
form and thus escaped attention until it reached the breeding colony 
as an outspoken epidemic disease. 

Finally, clinical and pathological evidence lead to the conclusion 
that rabbit pox is comparable with small pox in man and that it is 
produced by an agent closeiy related to the virus of small pox. 

SUMMARY AND CONCLUSIONS 

The lesions found in animals with epidemic rabbit pox have been 
described in this paper. The most distinctive gross lesion in all organs 
and tissues was the small nodule or papule which was found to consist 
of mononuclear infiltration and necrosis. Diffuse lesions were also 
found in which the infiltration was widespread and accompanied by 
edema, hemorrhage and extensive necrosis of affected tissues and 
organs. The possibility of the diffuse lesions being due to the action 
of secondary invaders was considered, but available evidence indicated 
that the different types, including pneumonia, represented reactions 
to a single causative agent. Moreover, an intimate relationship was 
observed to exist between lesions and small blood vessels in which 
primary endothelial damage was usually apparent. The degree of 
vascular damage generally corresponded to the extent of the lesion 
and it is probable that this in turn corresponded to the dose of the 
causative agent. 

I'he close analogy between the clinical manifestations and patho¬ 
logical processes of this disease in the rabbit and small pox in man led 
to the conclusion that the disease in the rabbit is essentially the same 
as small pox, and that it is probably produced by a virus closely related 
to the virus of small p)OX. Available evidence indicated that the infec¬ 
tion originated in the Institute and that it spread in atypical form or 



98 


RABBIT POX. 11 


masked by some other disease until it reached the breeding colony as a 
clearly defined epidemic infection. 

EXPLANATION OF PLATES 
Plate 22 

Fig. 1. Undersurface of the skin from a fatal case of rabbit pox showing numer¬ 
ous papular lesions and a wide discolored zone of edematous infiltration. The 
variation in the size of individual lesions and the concentration of lesions in vascu¬ 
lar areas as shown in this photograph were typical findings. Natural size. 

Fig. 2. Undersurface of the skin from a fatal case of infection showing discrete 
lesions of the hemorrhagic type and their relationship to blood vessels. X 3/4. 

Fig. 3. Hind quarters of a young animal killed late in the course of disease. 
Areas of hemorrhage and mononuclear infiltration were widespread throughout 
the skeletal musculature. Natural size. 

Plate 23 

Fig. 4. Lungs from a fatal case of infection in a young animal showing numerous 
subpleural miliary nodules. Similar lesions were found deep in the substance of 
the lung but pneumonic consolidation was absent. Natural size. 

Fig. 5. Liver and spleen from a young animal. Small focal areas of necrosis 
are distributed profusely throughout the liver. The spleen is enlarged and show’s 
a few scattered discrete lesions. Microscopically, the sinuses were distended with 
large degenerating mononuclear cells and Malpighian corpuscles were poorly de¬ 
fined and consisted of similar elements interspersed with nuclear detritus. Natural 
size. 

Fig. 6 . Spleen from an adult animal showing marked enlargement and large 
subcapsular foci of necrosis. Lesions of this kind were unusual. Natural size. 

Fig. 7. Lungs from an adult animal showing diffuse consolidation and large 
subpleural nodules wdth umbilicated centers. Compare with Figs. 8 and 9. 
Natural size. 

Figs. 8 and 9. Tongue. Large umbilicated nodules were commonly found in 
this situation. Microscopically, they consisted of subepithelial mononuclear 
infiltration which extended deeply into the underlying muscle, but the epidermis 
itself showed no specific changes. Natural size. 

Plate 24 

Fig. 10. Section of the liver from an animal killed during the course of the 
disease showing degeneration of parenchymatous cells and an early focus of mono¬ 
nuclear cell infiltration in the portal connective tissue. In other sections all 
stages in the further development of this lesion could be traced from a more pro¬ 
nounced infiltration involving neighboring lobules to final necrosis. X275. 

Fig. 11 . Section of bone marrow from a fatal case of infection in an adult 
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animal. There is widespread necrosis of hematopoietic tissue and no intact cells 
can be found. X75. 

Fig. 12. Section of lung from an animal killed in an early stage of disease. The 
lesion is deep in the substance of the organ and consists of a focal mononuclear 
infiltration with exudation into the alveoli and extension of the infiltration in 
alveolar walls toward the pleural surface. A blood vessel near the pleural surface 
contains an excessive number of mononuclear cells. X90. 

Fig. 13. Section of the lip showing a diffuse infiltration of deeper tissues includ¬ 
ing the muscle with mononuclear cells and fluid. X130. 

Fig. 14. Section through an early lesion in the skin of the ear showing mono¬ 
nuclear infiltration about a small blood vessel in the corium, destruction of endo¬ 
thelial cells and hyaline changes in the vessel wall. There were no specific 
epithelial changes. X130. 

Fig. 15. Section through a lesion in the lung of an animal killed when the first 
external sign of infection was observed. The lesion has progressed to necrosis but 
has remained localized about two adjacent blood vessels which show advanced 
changes in the endothelial and muscular walls. X75. 
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ON THE EXISTENCE OF A FACTOR INCREASING TISSUE 
PERMEABILITY IN ORGANS OTHER THAN TESTICLE 

By albert CLAUDE, M.D., and F. DURAN-REYNALS, M.D. 

{From the Laboratories of The Rockefeller Institute for Medical Research) 

(Received for publication, July 5, 1934) 

In an earlier publication a report was made on an infection-enhanc¬ 
ing effect obtained with testicle extract. This property is shared by 
certain other organ extracts but to a far less degree (1). As the 
enhancing power of testicle extract was later found to be associated 
with a modification of the skin permeability (2), extracts from various 
organs have been tested to determine their relative ability to cause 
this. 

The dissociation between spreading and enhancing action (3) ob¬ 
served with certain tumor extracts, and the necessity of ascertaining 
where the spreading factor exists in the body, led us to undertake a 
systematic study of extracts from various tissues by following the 
spread of India ink particles in the rabbit skin. Such an investigation 
was also considered as an indispensable preliminary to the study of the 
physiology of the factor or factors, and of the mechanism of its action. 

Method 

Adult rabbits of both sexes were used. The extracts were prepared by grinding 
the freshly removed organs with sand and 1, 1.5, and 2 volumes of Ringer’s solu¬ 
tion or water. The suspensions were centrifuged and 0.5 cc. of the cloudy super¬ 
natant fluid injected intradermally in the flanks of rabbits together with 0.25 cc. 
of Higgins’ India ink, diluted 1:2. A similar control injection of 0.5 cc. of Ringer’s 
solution or water plus 0.25 cc. of the ink was always made in the same animal. 
The spread of the ink was measured 1 and 24 hours after injection. In some cases 
precipitation of the tissue extract with 4 volumes of acetone, and re-extraction 
of the residue with variable amounts of water was resorted to with the hope of 
purifying and concentrating the factor. The technique, which had been very 
effective in the case of testicle extract, did not give better results than the use of 
fresh extract. 
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EXPERIMENTAL 

About 120 tests were carried out, each test involving the extract of 
an entire organ, or in the case of some extracts, of the pooled organs 
of 16 different individuals (rats). The average results with testicle 
extract were included for comparison. The findings are summarized 


TABLE I 

Occurrence of the Spreading Factor in Various Mammalian Organs 


Organ extract tested 

No. of 
tests 

Average 
spreading of 
0.5 cc. organ 
extract plus 

0 25 cc, 
of India ink 
ddution 

Average 
spreading of 

0 5 cc. .saline 
plus 0 25 cc. 
India ink 
dilution 
(control) 

Ratio of 
active spread 
to spread of 
control 

Positive 
cases with 
increased 
ditlusion 

Rabbit lung. 

7 

SQ. cm. 

27.3 

sq. cm. 

7.2 

3.8 

P»r cent 

100 

** spleen. 

7 

18.1 

7.2 

2.5 

100 

** liver. 

7 

8.5 

7.1 

1.2 

42 

** kidney. 

10 

17.6 

7.2 

2.4 

80 

** ovary. 

2 

20.4 

4.1 

5.0 

100 

“ placenta. 

2 

22.0 

9.0 

2.4 

100 

“ brain. 

10 

10.4 

5.3 

1.9 

90 

“ skin. 

4 

10 1 

6.5 

1.5 

100 

blood serum. 

15 

9.8 

10.9 

0.9 

0 

** striated muscle. 

3 

3 2 

5.4 

0.6 

0 

testicle. 

9 

55 6 

5.8 

9.6 

100 

Rat lung. 

2 

20 3 

7.8 

2.6 

100 

“ spleen. 

5 

24.2 

7.4 

3.2 j 

100 

“ liver. 

5 

26.7 

7.4 

3.6 

80 

“ kidney. 

5 

18.6 

7.4 

2.5 

100 

“ brain. 

4 

14.5 

6.6 

2.2 

100 

** blood serum. 

2 

7.8 

7.8 

1.0 

0 

testicle. 

10 

40 4 

5.8 

6.9 

100 

Guinea pig lung. 

2 

17.0 

6.1 

2.7 

100 

“ spleen. 

2 

11.0 

5 0 

2.2 

100 

‘‘ liver. 

2 

17.5 

5.0 

3.5 

100 

kidney. 

2 

9.0 

5.1 

1.7 

100 

“ “ blood serum. 

1 

6.8 

6.8 

1.0 

0 

Calf thymus. 

1 

12.0 

4.0 

3.0 

100 

Human placenta. 

1 

9.0 

4.0 

2.2 

100 

‘‘ serum. 

7 

7.4 

7.0 

1.0 

0 
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in Table I. They clearly demonstrate the existence of spreading 
factors in all organs studied, although in a proportion far inferior to 
that existing in testicle, as judged by the India ink spreads. Striated 
muscle extracts might constitute an exception to this rule. In one 
investigation they were found inactive.^ Sera proved inactive in 
every case. 

The quantitative differences in the spreading factor or the extracts 
studied were further brought out by dilution. Whereas testicle 
extract still increased the spread of ink when diluted to 1:400 (the 
liighest dilution studied) extracts of other organs were no longer active 
at 1:10, and only in the case of lung and spleen extracts was there 
observed some spread at 1:5 dilution. 

Another difference between testicle and other organ extracts con¬ 
sisted in the lack of regularity with which the latter yielded a spreading 
factor, contrasted with the perfect consistency of the former in this 
respect. This is indicated in the last column of Table I and holds 
especially for liver. Lung and spleen extracts, although fluctuating 
in their yields, always exhibited a certain activity in increasing the 
spread of ink. 

The spread induced by th^ various organ extracts was similar to 
that obtained with testicle extract, but took place much more slowly. 
Nevertheless, lung and spleen extracts caused in certain cases con¬ 
siderable spreading in the hour following injection. In general 
though, the amount of the ink distributed through the area in which 
spread occurred was much less marked than in the case of testicle 
extract. The areas of spread when testicle extract was used looked 
always blackened by the ink, while the skin modified by the extracts 
from other organs, as shown by the spread of ink particles through it, 
was regularly lighter. Another detail to be mentioned is that the skin 
thickening (probably due to edema) was greater in the case of the 
latter. Skin treated with testicle extract was net swollen. Some of 
these points are illustrated in Table II, in which the areas and the 
density of the spreads produced by extracts prepared with the organs 
of a single rabbit were recorded 1 and 24 hours after injection. 

^ Spinelli (6) has also found a spreading power in thyroid extracts. Muscle 
extracts, taken as control, were inert in 8 of his 15 trials. Testicle extracts were 
always active. 



104 


FACTOR INCREASING TISSUE PERMEABILITY 


Summarizing we can state that practically every one of the 12 organs 
studied contains in widely varying amounts factors increasing tissue 
permeability, as shown by the spread through it of India ink, and 
that testicle and epididymis, lung and spleen seem to be the most 
active. * 

The possible r61e played by the testicle in bringing about the pres¬ 
ence of the spreading factor in the other organs has been investigated. 
Their property of increasing tissue permeability was found to be 
retained after castration. The results obtained with rats’ organs 


TABLE II 

Progression of Ike Spread with Various Organ Extracts 



Readings after 1 hr. 

Readings after 24 hrs. 


Area of 
spread 

Density 
of spread 

Area of 
spread 

Density 
of spread 

Ringer’s solution plus India ink (control) . 

sq. cm. 

4.1 


sg. cm. 

4.2 

± 

Spleen extract. 

14.6 

+-I-I- 

29.0 

+++ 

Lung . 

9.0 

+ 

36.9 

+++ 

Kidney “ . 

8.1 

+++ 

17.6 

+++ 

Brain “ . 

6.2 

-f"i- 

10.5 

-1-+ 

Liver “ . 

8.4 

-i-i- 

8.0 

++ 

Muscle “ . 

4.4 

+ 

4.9 

+ 

Testicle “ (average of 9 tests) . 

19.4 


55.6 



tested 5 weeks after castration have been included in the table. This 
observation indicates that the spreading factor is a usual constituent 
of these organs. 


COMMENT 

The results of the present investigation clearly demonstrate the 
existence in nearly every organ tested of a factor active in increasing 
tissue permeability. It was shown in prcAdous work that the same 
organ extracts possess the power of enhancing bacterial and virus 
lesions (1). In the case of extracts from testicle (2) and from in¬ 
vasive bacteria (3) a direct correlation was found to exist between the 
degree of spreading and the intensity of enhancing power. These 
observations make it probable that the same correlation may exist in 
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most of the organ extracts studied. Further experiments are neces¬ 
sary to test this assumption. It is sustained by the fact that certain 
azo compounds which are active spreading agents also enhance and 
increase the size of infectious lesions (4). The fact deserves mention, 
however, that spleen extracts not only failed to enhance vaccinal or 
staphylococcus lesions, but sometimes exhibited a definite inhibiting 
action. An analogous dissociation of the properties of organ extracts 
regarding the power to increase tissue permeability or to enhance 
infections has been met with in the case of certain melanomas (5). 
Likewise, extracts of some transplantable sarcomatous growths failed 
to enhance infectious lesions, although rich in spreading factor. In 
such cases there was an indication that an anti-infectious agent was 
present in the tissue extracts, in addition to the spreading factor.’ 
For this reason we consider the permeability test more reliable for 
the detection of the factor in organ extracts than the original method 
of the production of lesions. Blood serum is completely devoid of 
both enhancing and spreading power. 

Work is under way on the chemical relationship between the testicle 
factor and the factor obtained from other organs. The possibility of 
quantitative or qualitative variations at different periods in the life 
cycle is also being considered. 


SUMMARY 

Many of the organs from animals of both sexes, including the ovary, 
have been found to contain in various proportion a factor or factors 
increasing tissue permeability. The potency exhibited by such active 
extracts was always less than that of extracts from testicle. Blood 
serum was found to be devoid of any spreading property. 

* In support of this view we can adduce the fact that, while extracts prepared 
from testicle immune to vaccine virus still retain to the same extent as normal 
testicle the power of increasing dermal permeability, thej fail to enhance the virus 
lesions and indeed actually suppress them. The immune testicle extract may have 
spread the vaccine suspension over a large area, but it has spread an inactivated 
material. It is worth noticing in this connection that Felton (7) has increased the 
virulence of pneumococcus by repeated automatic transfers in lung medium and 
decreased it by similar transfers in spleen medium. 
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THE PARTICIPATION OF SKIN LYMPHATICS IN REPAIR 
OF THE LESIONS DUE TO INCISIONS AND BURNS 

By PHILIP D. McMASTER, M.D., and STEPHEN S. HUDACK, M.D. 

{From the Laboratories of The Rockefeller Institute for Medical Research) 
Plates 28 to 30 

(Received for publication, June 10,1934) 

The lymphatics of human skin participate in the responses to very 
slight injury. As our previous work has shown (1), poorly diffusible, 
vital dyes, intradermally injected, enter the superficial lymphatic 
capillaries of the skin, and ordinarily are retained by them for several 
minutes before escape occurs into the interstitial tissue. Conspicuous 
increases in the permeability of the walls of these vessels, as mani¬ 
fested by an almost immediate escape of dye from the channels, 
follow such stimuli as the application of gentle heat, ultraviolet ir¬ 
radiation, or a firm stroke over the surface, too slight to abrade the 
skin. Studies of the lymphatic capillaries in the ear of the mouse 
have disclosed similar changes in the permeability of the walls of 
these vessels (2, 3). Here too a scratch insufficient to break the skin, 
a light stroke with a blunt instrument, exposure to ordinary sunlight, 
or an increase in temperature to but 5° above body heat suffices to 
induce a great transient increase in the permeability of the lymphatic 
wall. 

The changes described have been effected without causing frank 
injury. In the present paper we wish to report upon the alteraitions 
in the permeability of the walls of l3anphatic capillaries of the mouse 
ear in and about regions subjected to burns or incision. Our purpose 
has been to examine the responses of lymphatic capillaries under 
frankly pathological conditions, with special reference to the function¬ 
ing of these channels during the formation and resolution of sterile 
inflammatory processes. 

Methods 

We have found the ear of the mouse an ideal structure in which to observe 
directly the changes in lymphatic permeability as they occur in living tissue. 
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As in the preceding work (3), mice of 16 to 18 gm. body weight were best suited 
to our purpose. In all of the experiments the animals* ears were observed at 
various intervals after injury had been produced under an anesthetic. When the 
interval was many hours or several days, ether anesthesia was used when the injury 
was produced and the final observations were made under complete sodium 
luminal narcosis. When the times of injury and final observation fell within 
a period of only a few hours, one anesthetization with sodium luminal sufliced 
for both. As in the earlier work, 0.125 cc. of a 2 per cent aqueous solution of 
freshly dissolved sodium luminal was given subcutaneously for each 10 gm. of 
body weight. All examinations were made under the binocular microscope by a 
method already described (2). 

To render the lymphatic capillaries visible and to test for alterations in the 
permeability of the lymphatic wall, a highly indiffusible vital dye, pontamine sky 
blue (2, 3), was injected locally into the skin of the upper surface of the outer 
edge of the ear. It enters directly the lymphatics draining the region through 
rents caused by the injecting needle, and extends along the local network rendering 
it clearly visible (3). In all the experiments save where specific mention has been 
made, 0.1 cc. of fresh aqueous isotonic pontamine sky blue (21.6 per cent) was 
added to 2 cc. of a mixture of 1 part mouse serum and 3 parts Tyrode*s solution, 
yielding a final mixture of approximately 1 per cent of dye in an isotonic men¬ 
struum of protein content similar to that reported for peripheral lymph (4-7). 
This was regularly used to obtain comparisons of the rates of dye escape from the 
lymphatics after different injuries or at varying intervals after a standard injury. 
It will be referred to as standard pontamine solution. When it entered the 
lymphatic channels of the normal ear, no perceptible dye escape took place from 
them for 10 to 15 minutes. In many of the present experiments, on the other 
hand, so rapid an escape of dye resulted in consequence of the injury to the lym¬ 
phatics that we were led to employ a suspension of particulate matter to test 
whether or not there were openings in their walls. For this purpose dialyzed 
non-waterproof India ink (Higgins' American drawing ink), or else “Hydrokollag," 
was injected together with the dye solution. The method of preparation of these 
suspensions has already been described (2, 8). Further to compare changes in 
the permeability of the blood vessels of the injured ears with the changes occurring 
in the lymphatics, pontamine sky blue was injected intravenously into many of 
the mice. The dye was given as described in earlier papers (9-11), employing 
0.05 cc. of a 21.6 per cent solution mixed with an equal volume of Tyrode's solution. 

To study the physiology of the lymphatics during the progress and restoration 
of wounds or inffammatory processes, and to render our results comparable from 
animal to animal, it was necessary to devise methods of traumatization which 
could be standardized for repetition. This was accomplished in several ways to 
be described below. Heat was applied in such a manner that mild first, second, 
or third degree bums were obtained at wiU, the more severe bums resulting in 
necrosis. 
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The Lymphatic Changes Resulting from Skin Incisions 

The effects of cutting through the skin were first observed. The 
incisions were made under the binocular microscope, so that the 
depth and extent of the wound could be accurately controlled. 

The part played by the lymphatics in the process of wound healing 
is not known. In descriptions of the phenomena of wound healing 
there is little if any mention of these vessels. How do they behave 
during inflammation? What is their share in the healing of a wound? 
Do they become blocked like the blood capillaries when they are cut 
across? When they reconstitute during the healing process are the 
lymphatics more permeable than normal or less so? These and many 
other questions suggest themselves. 

In our experiments the l)rmphatics of the skin of the mouse’s ear 
were rendered visible by local injections of standard pontamine solu¬ 
tion, at various times after incising the upper surface of the ear super¬ 
ficially or deeply. In the majority of instances healing took place 
rapidly and the behavior of the lymphatics could be studied during 
the healing processes. 

Mice were anesthetized with ether and under the binocular microscope cuts 
about 1 cm. long were made half way between the tip and the base of one or both 
ears. In some cases the incisions were very superficial, involving only the corium 
and the subpapillary layer at most, and in these no hemorrhage developed. Prob¬ 
ably only the most superficial lymphatics were severed. In other instances in¬ 
cisions were made deeply enough to cut the larger veins and arteries, while in 
some the upper surface was cut through to the cartilagenous plate of the ear. In 
still other experiments the cut went completely through the ear. Save in the 
animals with superficial incisions, more or less hemorrhage ensued, varying from 
small capillary ecchymoses to frank bleeding of the largest vessels. 

A considerable number of mice were operated upon at one time, and at half 
hour intervals for 7 hours afterwards, groups of three animals each were anesthe¬ 
tized with luminal and local and intravenous injections of dye were made to 
render the blood vessels and lymphatics visible. On subsequent days other groups 
of six to ten animals were examined in the same way until all signs of wound reac¬ 
tion had disappeared. 

The behavior of the lymphatics after incision differs strikingly 
from that of the blood vessels in certain respects. Where cut across 
the lymphatic channels remain open for a variable period of time, 
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often for 24 to 48 hours or more, instead of constricting at once and 
closing as do the blood vessels. 

Many of the blood corpuscles escaping into the tissue during the hemorrhage 
after incision pass directly into the lymphatics that are laid open, and continue 
to do so for many hours. Large numbers of erythrocytes are often found in the 
lymphatics both distal and proximal to the cut, as late as the day after making 
the incision. In instances showing this the lymphatics about the cut stand out 
clearly by reason of the contained blood. Clotting has not occurred and with a 
micro-spatula the intralymphatic cells can be moved in either direction. In 
relation to this finding, Clark and Clark (12) in their studies with transparent 
chambers in the rabbiCs ear, report that holes made in lymphatics at the time of 
operation remain open several days. 

When standard dye solution was injected at the ear margin beyond a transverse 
cut on the same day that the cut was made the channels at the periphery of the 
ear filled as usual but then emptied their stained contents directly into the in¬ 
cision where they had been cut across. Fig. 1 shows a photograph of the ear of 
a mouse injected in the usual manner 5 hours after a transverse incision. The 
wound became filled with blue dye which flowed without hindrance from the 
severed lymphatics. In a few experiments, instead of injecting the incised ears 
a tiny crystal of dye was pushed, under the guidance of the microscope, into a 
minute intradermal puncture wound at the periphery of the ear. The regional 
lymphatics took up the dissolving dye and within 15 to 20 minutes colored fluid 
could be seen passing from the severed lymphatic capillaries into the incision. 
Constriction and spasm of the small blood vessels severed were so immediate and 
effective, on the other hand, that often no bleeding occurred. 

In eight instances within half an hour to 5 hours after a superficial cut had been 
made, a drop of standard dye solution was placed on the incision. In 3 or 4 min¬ 
utes colored fluid appeared in the lymphatics on both sides of the wound. Those 
distal to it lying between the incision and the ear tip filled for the distance of a 
single pear-shaped segment only, that is to say to the nearest valve; those proxi¬ 
mal, extending from the incision to the base of the ear, drained away dye solution 
toward the head. The finding was not invariable but was frequent enough to 
prove conclusively that the lymphatics were still open. Whether or not they took 
up dye seemed to depend upon whether it gained access to them through the fibrin 
dot in the wound. 

The local injections at the ear margin showed not only that the 
severed lymphatics had failed to close but that the lymphatic capil¬ 
laries distal to the cut but severed by it were more permeable than 
usual. Dye began to escape through the walls of these channels within 
2 or 3 minutes after it had entered them, and always many localized 
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dye ecchymoses were seen, as though the channels had received direct 
local injury, which was not the case (2). In the unharmed ear stand¬ 
ard pontamine solution remains within the channels for 10 to IS 
minutes before any visible escape takes place (3, 2). 

In most instances in which local injections of dye were made at the outer ear 
margin after a transverse cut had been made, not only were those lymphatic 
channels filled which drained directly into the cut, but others which skirted it at 
either end. These intact vessels carried the dye as usual to the base of the ear 
but they also passed along some of it, by side branches, into the region directly 
proximal to the injury and even discharged some into the wound itself by col¬ 
laterals connecting with the open lymphatics in its proximal margin. Like the 
channels distal to the incision, the proximal collaterals showed an increased per¬ 
meability to standard pontamine solution, dye beginning to escape from them 2 or 
3 minutes after it had entered. Both distally and proximally to the wound, there¬ 
fore, the lymphatics were more permeable than elsewhere in the ear. Within 
5 or 6 minutes after an injection the margins of the cut for a distance of 2 or 3 
mm. were stained a bright, diffuse blue. 

The results of intravenous injections of dye on the same day the 
cut was made furnished an enlightening contrast to these findings. 

The animal gradually became blue all over save for an area of pallor in and 
about the incision for a distance of 2 to 3 mm. It was plain that occlusion of the 
severed blood vessels and spasm of those near-by prevented dye from escaping 
into the immediate region of injury. Just beyond the area of pallor, the blood 
vessels allowed more dye to escape than elsewhere in the ear, and within 5 minutes 
after an injection the pallid incision was surrounded by a ring of diffuse blue stain. 

Sixteen animals were examined under sodium luminal anesthesia 
on the day following incision. 

These had received superficial cuts in one ear,—extending only through the 
subpapillary layer of the corium,—^and deep cuts in the other ear, reaching to the 
cartilaginous plate and severing the overlying blood vessels. In all instances 
both ears were hyperemic and moderately edematous, with the edema most marked 
distal to the incision, though definite on the proximal side as well. In such 
regions the ears showed “pitting upon pressure*^ by a blunt instrument. They 
were thick, the slcm tense, and when punctured by a sharp needle fluid escaped. 
The wound was ringed by dilated, tortuous capillaries. 

After injecting standard pontamine solution intradermally at the ear margin 
on the day following incision the lymphatics draining the region filled as usual and 
carried colored fluid to a point about 2 mm. from the incision. In most mstances 
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there was in this region a tendency for the lateral connecting channels to divert 
the dye to the extremities of the wound, and thence into main trunks leading 
around the incision toward the ear base. In four animals, though, dye solution 
also entered the wound showing that some of the severed lymphatic capillaries 
were still open. As a rule in each animal many dye ecchymoses occurred distal 
to the wound, but not elsewhere in the ear. Even 20 minutos after injecting the 
ear but very little dye escape had occurred from the lymphatics in the region 
proximal to the incision. In a few instances the channels distal to or beyond the 
cut and several millimeters from its edge were not only highly permeable while 
those proximal were not, but the former were often dilated and the latter con¬ 
stricted. In those animals in which dye solution from the lymphatics failed to 
stream directly into the cut, the slightest increase in the pressure of injection served 
to make it do so. The resistance to the flow of dye into the wound seemed to be 
located not at the edge of the wound itself, but 2 or 3 mm. away from it; for once 
dye had been forced through this region it readily entered the incision. 

Fig. 2 shows the result of an injection of dye into the margin of an ear which 
had been incised 24 hours previously. The photograph was taken 5 minutes 
after the injection. Although some dye entered the incision, by far the greater 
part was shunted around it as described. The greatly increased permeability of 
the lymphatics distal to the cut is shown by the abundant escape of dye from these 
areas. As yet no dye escape had taken place from the channels proximal to the 
wound. 

In four of the sixteen instances examined in this way, dye solution, injected 
at the ear margin, not only streamed into the wound but passed on directly through 
the incised region into the channels beyond. A photograph of the phenomenon 
is reproduced in Fig. 3. It shows the passage of dye in three channels either directly 
through the incised area or perhaps immediately under it and very close to it, 
with ecchymosis of colored substance into the incision. The extreme permeability 
of the channel walls distal to the incision and the lack of proximal dye escape are 
plainly to be seen. 

Can it be that actual reconstitution of these channels had taken place or were 
they merely injured and not severed by the cut? The question is not to be an¬ 
swered from a single preparation such as the one shown. 

To gain light upon it, the ears of six mice were incised transversely and the ear 
margin injected with dye. In each instance dye entered the incision through 
three or four channels but was not directly carried beyond, showing that the 
lymph chaimels had been severed. Diagrams were drawn to show the distribution 
of these channels, with the blood vessels as landmarks. The following day, 
when the ears were re-examined, the colored fluid in the distal portion of the 
charted lymphatics had completely disappeared. Dye injections were again made 
at the edge of the ear of three of the animals, inserting the needle through the 
same puncture wound and expelling dye in the same spot as before. In all, the 
same channeb previously rendered visible by dye solution were again filled, and in 
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addition, in each ear two or more channels unseen the day before. In two of the 
three instances one or two of the lymphatics which had filled on first injection 
and carried dye solution into the incision, now carried dye through this region 
into a continuation of the channel on the proximal side, allowing it to flow to the 
base of the ear. In the cut region profuse ecchymoses of dye solution took place 
immediately, and distal to the wound the lymphatics allowed dye to escape 3 
or 4 minutes later, the normal interval between injection and dye escape l^ing 
about 10 to 15 minutes. Proximally, no dye appeared outside of the lymphatics 
in 20 to 25 minutes. 

Two of the remaining three animals were exAnoined the next day and the last 
of them on the 3rd day after incision. In these similar results obtained save that 
with each day more channels were demonstrable traversing the wound area, and 
delivering dye solution to their continuations beyond. The evidence showed 
that the severed lymphatic capillaries reunited rapidly. 

In four other mice bearing incisions 24 hours old intravenous injections of 
pontamine sky blue demonstrated an excessive permeability of the dilated tor¬ 
tuous capillaries and venules about the wound. Within 4 or 5 minutes the region 
was stained a deep blue by profuse dye escape from vessels there, but not elsewhere 
in the ear. No patent blood vessels entered the wound as yet. Nevertheless 
there appeared to be a rapid turnover of fluid within the incision; for, in the in¬ 
stances just described, when dye was brought into the incised region from the ear 
tip by way of the lymphatics, the resulting colored ecchymoses in the neighbor¬ 
hood of the injury disappeared far more rapidly than elsewhere in the ear. 

In ten instances the usual routine dye test was postponed for 48 
hours after making the wound. The cut ears were still edematous 
and hyperemic but the edema fluid was transparent. 

In all these animals, after local intradermal injections of standard pontamine 
solution at the ear margin, dye failed to pass into the incised region. In six of 
the ten instances, no dye reached the margin of the wound, the lymphatic channels 
filling to a point 2 or 3 mm. distal to the cut and piping the dye through small 
lateral channels to other larger lymphatics which passed around it. When the 
pressure of the injection was increased slightly three or four lymphatic capillaries 
carried dye freely into the cut. 

As in our earlier exjieriment, the resistance to flow of the dye toward the wound 
seemed located several millimeters distal to it and might be attributed either to 
pressure from the edema or to the existence of fibrinous plugs which were dis¬ 
lodged by the pressure. In four of the ten instances in which the pressure of 
injection was not increased some dye solution reached the incisions directly, 
colored fluid either pouring into the cut from the open ends of the channels or 
passing by way of a channel that was now intact, but, with profuse ecchymosis of 
dye into the cut. It was plain that in the wound area itself the severed lym- 
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phatic dianneb had either remained open or had reconstituted. They had not 
been blocked. 

In all of the animals examined 2 days after making the skin inci¬ 
sions, the channels distal to the wound appeared much wider than 
those proximal, and the bulbous swellings were brdader and larger. 
After entering the Ijonphatics dye began to escape within 4 or 5 
minutes while from the proximal channels none appeared in half an 
hour. 

The Minute Lymphatics in Later Stages of the Healing of Incisions 

Daily, for 10 da)rs, groups of four or five mice, taken from a number 
with ears incised at the same time, were anesthetized with luminal 
and examined for changes in the behavior of the lymphatics during 
the process of wound healing. The early findings differed but 
little from those already described, such differences as were noted 
being attributable to variations in the severity of the wounds rather 
than to the passage of time. A week after incising the skin of the 
ear edema was still present both distally and proximally to the wounds. 
The whole ear still showed moderate hyperemia. Under the binocular 
microscope many new-formed blood vessels were visible extending 
into the injured area, more of them on the proximal side. On both 
sides large numbers of tortuous blood vessels with rapid circulation 
were present, often with reversed venous flow in some of the larger 
veins. 

The introduction of dye into the lymphatics disclosed a variety of 
changes. The channels distal to the cut were still far more permeable 
than normally, profuse dye escape through their walls beginning in 
2 to 4 minutes after it had entered them. This was observed 
even 12 and 14 days after superficial cuts had been made in the ears. 
At this time the skin appeared healed to the unaided eye. The 
lymphatics appeared widely dilated either as a whole or in segments. 
The bulbs adjacent to the valves also appeared greatly elongated 
and widened, giving the appearance of aneurysmal swellings. 

In all these experiments the region immediately next the healed 
edges of the incision was not entered by the dye, save in each instance 
by three or four channels which transported colored fluid through 
the incision into their continuations beyond. In passing the region 



PHILIP D. McMASTER AND STEPHEN S. HTJDACK 


115 


of injury profuse ecchymoses of dye occurred, as in the dye experi- 
ments done 2 or 3 days after incising the ears. By far the greater 
amount was passed into lateral channels about 3 mm. distal to the 
incision, and by them to lymphatics which ran around the wound. 
Usually at the extreme ends of the incision where healing had just 
begun several trunks filled with dye and passed it on toward the base 
of the ear. 

New Formation of Minute Lymphatics in Areas of Repair 

Occasionally in animals tested on the 6th and 7th days, and char¬ 
acteristically in those examined later from the 8th day on, evidence 
of new formation of lymphatics was obtained. 

When a local injection of standard pontamine solution at the margin of the ear 
was watched under the microscope one could nearly always observe the column 
of dye-stained lymph advancing down the lymphatics as usual. But a few sec¬ 
onds later, instead of stopping or being carried around the injury, it spread into a 
close network of very minute channels, lymphatic sprouts, forming a dense 
reticulum on the distal edge of the incision itself. Scarcely did dye reach these 
before it began to escape, long before any had come out from the channels in the 
uninjured portion of the ear. Within 1} to 2 minutes the semicircle of the distal 
circumference of the incision assumed a diffuse blue. Such channels were never 
found in ears examined less than 6 days after an incision. 

Fig. 4a shows an ear incised 9 days previously and now injected intradermally 
at the margin with India ink purified by dialysis. It was amputated at once after 
injection and photographed while submerged in neutral paraffin oil. At the left 
end of the incision, one sees several channels which conducted ink through the region 
of injury. On the right side reconstitution of channels, or a collateral circulation 
has not yet developed. In the incision itself many very narrow, linear, parallel 
lymphatics, situated in the new tissue filling the incision are disclosed by the ink. 
They lie at right angles to the main trunks, having the direction of the original 
cut. They are better shown in Fig. 46, an enlargement of the same specimen. 
Unfortunately India ink, owing to its particulate character, fails to fill as many 
of the very minute lymphatics as a dye solution and it gives no true idea of the 
richness of the new-formed plexus. When standard pontamine solution was em¬ 
ployed in such experiments it escaped so rapidly from the small vessels that good 
photogiaphs could not be taken though the abundance of new-formed l 3 anphatics 
was plainly disclosed. 

When local injections of dye were made, 1/2 to 3/4 cm. proxitnal to the incision, 
simili^r networks of newly formed lymphatic capillaries were found in its proximal 
lip. Retrograde passage of dye occurred showing that the new capillaries were 



116 


SKIN LYMPHATICS IN REPAIR OF LESIONS 


without valves. They were exceedingly permeable as shown by the almost imme¬ 
diate escape of dye. The old channels on the proximal side of the wound failed 
to allow dye to escape in half an hour. 

To study the relation of the new-formed lymphatics to regenerating 
blood vessels, the ears of 20 mice were incised in the usual way and 
after 10 da 3 rs the animals were anesthetized and injected intravenously 
with 0.05 cc. of isotonic aqueous pontamine sky blue solution. Two 
minutes after the injection was completed, a local injection of 2 per 
cent vital red in the usual menstruum of 1 part mouse serum and 
3 parts Tyrode’s solution was injected intradermally at the ear margin. 
The dense plexus of new-formed lymphatics about the wound filled 
with red dye and the newly formed blood vessels with blue. The 
two t)q)es of vessels entered the healing area about equally far and 
both were much more permeable than those elsewhere in the ear. 
In the center of the healing wounds neither new-formed blood vessels 
nor lymphatics were visible. In about half the instances the incisions 
were traversed by two or more larger lymphatics, which passed directly 
through or just beneath them. No blood vessels appeared in this 
area. 


The Lymphatic Capillaries in and about Burned Regions 

To study further the l 3 nnphatic capillaries in the periods of forma¬ 
tion and recovery from inflammation, advantage was taken of the 
fact that sharply localized, standard burns of similar intensity could 
be made in the skin of the ear of the mouse. 

Injury by Heat ,—^Anesthetics were used, as already described. To obtain 
comparable bums we adopted modifications of methods to apply mild heat stimuli 
to the ear of the mouse (2). Several thin-walled glass water chambers were blown 
in various shapes and sizes with a flat surface that could be placed against the 
animars ear. Each possessed three openings, one for the insertion of a thermom¬ 
eter and two for circulation of water at the desired temperature. One of these 
chambers possessed a flat oval surface only 3 mm. in diameter. To produce 
localized bums, hot water was circulated through the chambers and the cars of the 
anesthetized mice were gently held against the flat surface. By varying the tem- 
p)erature of the water or the duration of contact of the chamber with the ear, 
first, second, or third degree bums could be produced at will. 

^^Stigmatic BurnsJ *—Strictly localized, marked superficial bums, which we 
may term stigmatic bums, were obtained in another manner. An ordinary bac- 
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tcriological platinum inoculating wire was heated at its mid portion by a micro- 
burner until the free tip glowed dull red. The etherized mouse lay with the ear 
resting on the tip of the index finger and the hot wire was quickly and lightly 
touched to the central part of the upper surface of the ear. Later at intervals the 
animals were reanesthetized with sodium luminal in groups of ten, as the experi¬ 
ments required. 

Stigma tic bums usually healed rapidly in a few days but occasionally progressed 
to necrosis, resulting in a neat perforation of the ear, as though it had been punched 
out. 

The bums produced by the small water chambers and the hot platinum wire 
involved but a small part of the animaPs ear, at its middle. 

Changes in the permeability of the blood vessels were determined as described 
earlier in the paper. To test lymph permeability, standard pontamine solution 
was employed in the usual manner. 

The local injections of standard pontamine solution into the tissue at the margin 
of the ear resulted in its entrance into those lymphatic capillaries which lay in 
uninjured tissue but which passed through the burned regions and emerged again 
into normal tissue. Other channels not directly involved in the bum but sur¬ 
rounding it, both near and remote, also took up the dye solution. Control 
observations were made by injecting the uninjured ears of the same animals. 
As the processes of repair were often protracted, dye injections were made soon 
after injury in some instances, in others at half hourly intervals up to 6 hours,— 
and, finally, at daily intervals up to 10 days or 2 weeks. Always before injecting 
the standard pontamine solution, the condition of the circulation of the ear was 
determined under a binocular microscope. The mice lay in plastalene moulds 
with the ears lying horizontally on porcelain placques and illuminated as previously 
described (3, 9). 

Experiments were done on four series of mice with the water chamber at 
46.0®, 53.0-55.0®, 59.0-60.0®, and 67.0®C., respectively. In yet another large 
series of animals stigmatic burns were produced. It was found that increasing 
degrees of heat or a longer application simply increased the severity of the reaction. 
When the bums were severe enough to cause permanent arrest of blood flow the 
lesions progressed to necrosis within 36 to 48 hours. Such bums almost invariably 
follow'ed application of the chamber to the ear for 1 minute with water circulating 
at 59.(H30.0®C., or for as short a period as 20 seconds with the water temperature 
at 67®C. 

When a small spot of skin on the mouse’s ear approximately 3 to 5 mm. in 
diameter was heated at 55®C. for approximately 1 minute moderately severe bums 
resulted. In the sharply localized region of injury circulation in the smaller 
vessels was stopped, and often, even in the largest radial veins and arteries, blood 
flow ceased temporarily. A few seconds afterwards a reactive hyperemia occurred 
about the heated area, which in 2 or 3 minutes extended over the whole ear. 
After a few minutes, pronounced edema formed in and about the burn, that is to 
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say the ear became thicker there, the skin tense, and, to a blunt needle, there was 
“pitting on pressure.*’ Puncture with a sharp needle led to the escape of fluid, 
and under the binocular microscope the edematous area assumed a ground glass 
appearance. 

The Immediate Effects of Severe Burns .—When standard pontamine 
solution was injected into the outer margin of the ear, a few minutes 
after heating an area midway between the tip and the base, an extra¬ 
ordinary increase in the permeability of the walls of the lymphatics 
in the burned area was manifest. Dye passing into them from the 
normal channels nearer the margin at once escaped through their 
walls into the surrounding tissue. 

Fig. 5a shows the escape of dye from the lymphatics in a burned area only 2 
minutes after dye injection into an ear submitted to the water chamber at 55^ 
for 40 seconds, 8 minutes previously. Such contact usually resulted in a third 
degree bum with temporary stoppage of the circulation for several hours and severe 
edema. 

The region of dye escape from the channels coincides with the burned area. 
From the lymphatics in the uninjured portion of the ear there has been no escape 
of dye. In Fig. Sh the same preparation is shown 2 minutes later. Much more 
colored matter has now escaped from the channels in the burned area and it is dis¬ 
tributed more widely. 

In ten instances dialyzed India ink was injected together with 
standard pontamine solution into the margin of ears which had been 
burned in the same way. Although dye escape in the injured region 
was prompt and abundant the ink particles failed to pass out and the 
lymphatic capillaries were clearly defined by it. 

Fig. 6 illustrates the immediate findings in a bum of lesser degree when there 
had been time for the formation of edema. The water chamber at 55^0. 
was in contact with the ear for 20 seconds. An hour later the standard pontamine 
solution was injected, the photograph being taken after another 4 minutes. The 
area of the bum, which corresponds with that of the escape of dye from the lym¬ 
phatics, was already edematous, yet the channels penetrating it carried much of 
their contents into the uninjured tissue beyond, where no dye escape from the 
lymphatics occurred. Ink escaped from none of the lymphatic channels of such 
burned areas. 

When the chamber containing water at 67®C. was applied to the 
ear of the mouse for 30 seconds or more, or when the ear was touched 
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with the hot platinum wire, marked punctate bums resulted. As in 
the experiments in which moderate burns were induced, so in these, 
stasis in the injured area and reactive hyperemia round about occurred 
immediately. Edema followed. 

When isotonic pontamine sky blue was injected intravenously 10 
to 20 minutes after a pronounced contact or stigmatic burn, the blood 
vessels surrounding the ischemic burnt area were unusually permeable. 
Within 2 to 4 minutes after the injection, there could be seen about 
this area a collar of deeply stained tissue, colored by the escape of 
dye from the blood capillaries and venules close to the burn and long 
before escape from blood vessels elsewhere in the ear was visible. The 
tissue within the burnt region itself remained ischemic and therefore 
no dye entered it. 

In contrast with these findings, following a local intradermal injec¬ 
tion of dye at the margin of an ear burned in the same way, the 
lymphatics passed much of the colored fluid into the injured region 
itself where it escaped from the channels. 

In twelve instances, at varying intervals from 3 minutes to 1J or 2 hours after 
producing the burn, standard pontamine solution was injected into the skin of the 
ear, close to its outer margin. In more than half of these, l)nnph channels could 
be made out traversing the burned area, but the escape of dye from the portions 
of these within the burns was so immediate and so great that one might almost 
suppose that the cellular membrane of the lymphatic wall no longer existed as such. 
Yet, when the ear was reinjected, in five of these instances with dialyzed India ink 
or “HydrokoUag,^* the walls of the lymphatics were demonstrated to be still con¬ 
tinuous, for none escaped. In three other exjjeriments standard pontamine solu¬ 
tion and India ink combined, injected 2 hours after the production of the burns, 
was seen to enter the lymphatics as usual; and these carried both dye and India 
ink through the punctuate, burned area into the lymphatics beyond, though there 
was some dye loss during the passage. 

When the time interval between the production of the bum and the dye injec¬ 
tion was increased to 4 or 6 hours, dye often failed to reach the ischemic injured 
area by way of the l 3 niiphatics. The dye was carried to within 2 or 3 mm. of the 
bum and there immediate and profuse ecchymosis of it occurred. The channels 
which passed around but close to the bum were extremely permeable so that it was 
surrounded by a dense cloud of diffuse blue color, while the edematous burn itself 
remained colorless. In two instances a lymphatic channel carrying dye did pene¬ 
trate the bum and pass through. As result the patch was stained blue owing to 
the escape of dye from the lymphatic within it. 
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When dye escapes from lymphatic capillaries which lie outside an edematous 
burned area the diffuse blue color it gives to the tissue does not extend into the 
burn. When, however, dye is carried by a lymphatic into the edematous area, 
it escapes readily from the containing vessel. The edema fluid would seem to be 
partly made up of lymph which has escaped from lymphatic capillaries traversing 
the injured region. » 

Figs. 7a and Ih are photographs of an ear taken 3 and 8 minutes, respectively, 
after a marginal injection of dye. Three hours prior to this a third degree punctate 
bum was made (the water chamber for 45 seconds with water at 60®C.). In the 
first photograph, taken only 3 minutes after injecting the ear, the pale region of 
the bum had become edged with blue dye owing to escape from the lymphatics at 
its edge. A single large one carries dye directly through the burn itself and the 
dye escaping from it has merged with that from the ecchymoses on the right. The 
second photograph taken 5 minutes later illustrates the progress and extent of dye 
escape. After bums such as this the entire ear structure remains hyperemic for 
several days. Capillary dilatation in the region surrounding the bum is pro¬ 
nounced and the edema progresses until the ear may be half a centimeter thick. 
Under the microscope the blood vessels appear as if seen through ground glass. 

Heating the skin to 67°C. for 15 seconds frequently gave rise to 
blisters. If dye was injected into the ear margin just beforehand, a 
very pronounced escape of dye took place from the lymph channels. 
The extravascular movement of dye under these circumstances was 
almost immediate, and it frequently extended several millimeters from 
the channels. The observation suggests that ordinary blister fluid 
is formed not only from vascular transudate but from a lymphatic 
one as well. 

The findings as a whole furnish evidence for the participation of the 
lymphatics in the formation of and recovery from edema, confirming 
the observations of an earlier paper (2). Further work on this 
theme is now in progress. 

The Lymphatics in the Early Stages of Restoration and Repair of 

Superficial Burns 

Under ether anesthesia, stigmatic or contact third degree bums were made on 
one ear of a large number of etherized mice. Each day thereafter groups of eight 
or ten animals were anesthetized with sodium luminal and a dye injection made 
intravenously or into the ear margin. As controls the normal ears of the same 
animals were used. 

The findings during recovery from both types of bums were so similar that no 
attempt will be made to distinguish between them. 



PHILIP D. McMASTER AND STEPHEN S. HUDACK 


121 


Twenty-four hours after the formation of stigmatic burns, each was 
surrounded by an area of pronounced hyperemia and edema. Under 
the binocular microscope the whole ear showed a mild reactive hyper¬ 
emia with dilatation of capillaries and venules about the burn and 
severe edema at the margin of the latter. Stasis in the blood vessels 
round about varied in degree, but in all instances the region of actual 
injury was ischemic. 

In these instances and in experiments to be detailed there were many findings 
similar to those occurring after incision of the ear. After a burn, as after incision, 
there was a strong tendency for dye injected at the ear margin to be carried around 
the region of injury by numerous enlarged lymphatic channels. During the first 
24 hours after the injury these, when they contained dye, showed a greatly in¬ 
creased permeability, with profuse ecchymotic dye escape wherever a lymphatic 
approached the injured region itself. 

Occasionally, lymphatics transported colored fluid directly into and through the 
burned areas as through incisions. Though the areas were edematous, dye escaped 
so rapidly into them that one might doubt the existence of lymphatic walls, were it 
not that India ink did not escape. However, in most cases the channels surround¬ 
ing the burn led most of the dye around it. Those immediately next the bums 
seemed to terminate in blind ends which may have been closed, perhaps by heat 
coagulation or thrombosis. Only when the injections were made with some 
pressure was colored fluid forced into the burn itself. Then, if such a burn had 
been made 2 to 6 days previously, the lymphatics failed to carry dye completely 
through it into the proximal normal tissue, but instead an ecchymosis of dye re¬ 
sulted within the injured area itself. 

A further similarity in the reaction of lymphatics after injury by bums and 
incision was observed in the fact that 24 to 30 hours after burning the ear the 
lymphatics proximal to the burn appeared as sharply outlined bands showing no 
escape of dye into the surrounding edematous tissue, even 20 to 25 minutes after 
an injection. The color within the channels became rapidly paler as though the 
contents had been diluted and cleared by an intake of fluid. Instead of the ex¬ 
cessive escape of dye from the lymphatics within the bum and distal to it, there 
was an apparent failure of dye escape in the proximal tissue. 

The Lymphatics in the Later Stages of the Healing of Burns 

Two days after a burn had been made, the lymphatics which filled 
most readily, that is to say those which skirted the burn, lay within 
the hyperemic area surrounding the injury. Little or no apparent 
escape of dye occurred from them, although they were usually some¬ 
what dilated. The contents were more rapidly carried away than in 
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normal channels, to judge by the fading of the blue color within them, 
and without visible dye escape. The few ecchymoses which did occur 
in the region disappeared in 10 to 15 minutes, but distal to the injury 
they often persisted for several hours. The observation afforded 
further evidence of an increased lymphatic turnover going hand in 
hand with hyperemia and increased vascular permeability. 

In five instances thb last was easily demonstrated by intravenous injections 
of dye solution. Dye poured from the dilated capillaries and venules about the 
bum long before it escaped in quantity elsewhere in the ear. As result a bright 
blue ring about 4 mm. thick was formed surrounding the colorless area of injury. 
Fig. 8 shows the result of such an experiment, photographed 4 minutes after the 
intravenous injection was made. 

On the 4th day, local and intravenous injections of dye into such 
animals yielded findings similar to those just reported. 

The blood vessels seemed still to be more permeable than normal, judging by 
the rapidity of dye escape, but one could not say whether this was due to a more 
permeable state of the vessels or to an increased supply of stained blood. The 
lymphatics too were more permeable than normal in the region distal to the bum, 
and here they seemed wider than those proximal to it. When dyes entered the 
channels completely surrounding the burned area, profuse escape occurred distally, 
forming a blue cresent of diffuse staining. The proximal lymph vessels seemed 
less permeable than normal, for within half an hour after their injection the blue- 
stained contents had become pale, without showing any visible escape of dye. 
Whether the failure of dye escape is due to decreased permeability of their walls 
or to brisk fluid movement into the vessels from without cannot be said. In 
either case the phenomenon shows drainage of the tissues by the lymphatic 
capillaries. 

The findings in no way differed 5 days after producing the burns 
but by the 6th and 7th day the inffammation seemed to have sub¬ 
sided. No longer was there evidence of hyperemia in the ears, save 
for a few dilated capillaries immediately about the injured area. The 
edema had resorbed, leaving only a small swollen region in and about 
the bum, which by this time had become indurated. Nevertheless 
the usual local injections of pontamine solution showed the lymphatics 
to be still excessively permeable. Between the burned area and the 
ear margin numerous local ecchymoses of dye occurred, as profusely 
and rapidly as on the 1st and 2nd day after injury. 
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New Formation of Lymphatics within Burns 

By the 7th or 8th day of healing evidence was obtained of new 
formation of l 3 niiphatic capillaries, as in our experiments with incisions. 

When dye injected at the ear margins reached the burned areas, some of it 
entered a dense, ramifying, twig-like plexus of lymphatic capillaries within the 
distal edge of the bum itself. Some dye passed through in large channels, the 
remainder was carried around the injury. Fig. 9 shows such a new-formed 
network about a burn 9 days old. The photograph was taken 2 minutes after 
injection of the ear with a suspension of India ink. Only a few of the fine, hair¬ 
like projections extending into the new-formed tissue are visible; for ink suspen¬ 
sions did not yield a complete injection of these vessels. 

To show the relationship of the new lymphatic capillaries to blood vessels 
intravenous injections of pontamine blue solution were followed in 1 or 2 minutes 
by injections of vital red in the ear tissue, as in our earlier work with incisions. 
The findings were so much alike no separate description will be given. 

Similar experiments were made during the later stages of healing. 
Lymph channels were found completely traversing the burns. The 
sequence of events when dye was introduced into them has already 
been described. 

DISCUSSION 

In our previous papers attention has been called to alterations in the 
permeability of the lymphatic walls occurring under the conditions of 
the everyday life of the animal. Even very mild thermal and chemical 
stimuli result in the escape of substances of large molecule, for example 
hemoglobin, which are retained within the lymphatics of an unharmed 
ear. On the other hand true particulate matter, for example India 
ink, fails to escape, showing that no lacunae exist in the lymphatic 
wall. In the present paper we have reported upon the changed 
conditions in the lymphatics following incision and frank injury of 
other sorts. Profound alterations in the permeability of l 3 anphatic 
walls, in and about these injured regions, speak for an active participa¬ 
tion of the l)anph system in the changed processes of fluid exchange. 
What can be inferred concerning the r61e of the lymphatics during in¬ 
flammation and repair? 

Our experiments make plain the fact that, like the blood vessels, 
the lymphatics respond to injury first by pouring their contents into 
the region involved. During the first few minutes or even hours after 
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an injury the permeability of the lymphatic wail is enormously in¬ 
creased without loss of its anatomical continuity, at least under the 
conditions of the experiments described. The most indiffusible vital 
dyes pass out readily but ink particles are retained. The lymphatics 
are so permeable that it is difficult to suppose that they can still 
function as channels for the conveyance of fluid. That they fail to 
do so adequately is indicated by the developing edema. The lym¬ 
phatics are rendered more permeable for a considerable distance around 
the inunediate region of injury. Inflammatory edema is obviously 
due to a change in the l 3 mph vessels as well as in the blood vessels. 
The nature of the various changes is not understood. Soon after a 
burn the l 3 mphatic capillaries distal to the wound appear dilated and 
those proximal either constricted or normal,—the former more per¬ 
meable than the latter. The increased permeability may follow 
dilatation. Yet obvious changes in permeability have been observed 
which appear to be functional and not anatomical. Thus, the lym¬ 
phatic capillaries, skirting a bum or wound and not directly affected 
by it, neither dilated nor constricted, are usually for the first 48 hours 
much more permeable than normal. 

Our work indicates that the brief isolation of a skin region following 
injury, an isolation resulting from the excessive permeability of both 
lymphatics and blood vessels, is first lessened when the lymphatics 
begin to function again. Their severed ends, unlike those of the blood 
vessels, remain open and lead away fluids from the wound. The fact 
that lymphatics remain open and the blood vessels closed in an incision 
goes far to explain the frequent infection by way of the lymphatics. 
Soon after an injury in the skin of the ear, the lymphatics lying be¬ 
tween the head and the injured region regain their normal permeability 
and apparently function as draining and conducting channels. 
Through these and not through the blood vessels resorption from the 
wound first begins. Through the lymphatics toxins or noxious prod¬ 
ucts of disintegration are first carried away to be sieved or passed 
through the lymph glands before reaching the body at large. The 
evidence for this fact, though by no means complete, is sufficient. 

In this connection, it should be recalled that we have been dealing 
'with a type of lymph drainage slightly different from that in human 
skin. The ear of the mouse is very thin and both the superficial and 
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deep plexuses of lymphatics lie close to the surface. As result the 
lymphatics usually injected lie in the deeper plexus. It is possible 
that the current in these channels is more rapid than in the superficial 
lymphatics of the skin of man, that is to say, the lymphatic capillaries 
which become filled by intracutaneous injections of dye (1). There 
results in the mouse ear a lymph current just beneath the epidermis 
which probably does not exist in the human skin, for there the intra- 
dermally injected dye passes, after running 2 or 3 cm. in the superficial 
channels, into a deeper layer (1). However this may be, the fact 
should be stressed that the lymphatics injected in these experiments 
with mice probably correspond in function with the deeper plexus 
found in the subcutaneous tissues of man, lymphatics which are suffi¬ 
ciently superficial to be involved by any cut causing hemorrhage, or 
by a third degree burn. In these deeper lymphatics in man there is, 
of course, a considerable flow (1). 

The walls of the l 3 Tnphatics directly draining a burned or incised 
area, after having at first been abnormally permeable, within 48 hours 
after the injury became far less permeable than normally for diffusible 
substances. At this time intravenous injection of dye shows the blood 
vessels in the injured region to be still abnormally permeable and, 
owing to hydrostatic conditions, they must still be adding to the 
accumulation of tissue fluid. The tissue is edematous and rapid con¬ 
tinuous passage of fluid must be taking place through the lymphatics, 
for dye solution placed within them quickly pales and is swept away. 
In the later stages of healing, 48 to 72 hours after an ear injury, there 
is a definite tendency for lymph peripheral to the injured spot to flow 
around it, instead of through it. Dye injected into the distal channels 
is carried to a point close to the injury and then is shunted around it. 
It is as though the lymphatics were obstructed by wound materials 
or perhaps plugged, as has been suggested by Menkin (13) in his work 
upon blood vessel changes in large areas of inflammation. Evidence of 
a participation of the lymphatics in repair is seen in their tendency to 
rapid reconstitution and a new formation of them not only in the 
regions where they have merely been severed but where they have been 
injured or destroyed by burns. 

Great numbers of new lymphatics were seen in the regions recovering 
from bums. When the latter had been severe enough to cause necrosis 
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of the ear and perforation many new tiny lymph capillaries were found 
in the granulation tissue of the healing margins obviously taking their 
place in actively growing tissue. But in the tissue far removed from 
the healing margins, though still within the burned or incised regions, 
as shown in Figs. 4o and b and Fig. 9, many more l3nnphatic channels 
became visible after dye injection than in similar areas of normal ear. 
As the photographs show, some were large and some small. In an 
earlier paper (3) we have shown that the superficial IjTnphatic plexus 
is only partially filled by dye injections, that just as Krogh has shown 
for blood capillaries, small l 3 miphatics temporarily closed and invisible 
may be teased open to allow dye to enter. As result one cannot say 
whether the excessive number of dye-filled lymphatic capillaries in 
the burned area signified a new formation of channels or a flooding 
of the entire lymphatic plexus, usually but partially visible after intra- 
dermal injection of dye and now entirely filled in a tissue engaged in 
active fluid exchange. When such burns were examined several days 
later, the number of dye-containing lymphatics had decreased to the 
normal number. Whether the channels were cut off or had closed 
down in a relative period of rest, cannot be said. 

The observation that new collateral lymphatics can form is of course 
not new. It occurs after ligature of the thoracic duct (14, 15) and of 
large lymphatics of the limbs (16). Regeneration of l)mphatics in 
the ear of the rabbit has also been demonstrated (17) as further 
their growth into granulation tissue (18). Union of lymphatics has 
been described by E. R. Clark (19) in the tadpole’s tail and by Clark 
and Clark in transparent chambers in the rabbit’s ear (20, 12). 

In the past the speed with which a new formation of lymphatics 
occurs has not been recognized nor has it been appreciated that lym¬ 
phatic drainage may be instituted from areas of repair before drainage 
takes place by way of the blood vessels. 

SITMMAKY 

With the aid of solutions of vital dyes the lymphatic capillaries in 
the ear of the mouse have been studied during the period of immediate 
reaction to injuries of various sorts and during the period of repair. 

The behavior of lymphatics severed by incision differs greatly from 
that of the small blood vessels. Instead of closing they sometimes 



PHILIP D. McMASTER AND STEPHEN S. HUDACK 


127 


remain open for as long as 48 hours. Materials introduced into the 
wound pass directly into the lymphatics through their gaping ends, a 
fact which will explain why infection from incisions is predominantly 
along the l 3 anphatics. 

All around an injury the lymphatics are rendered abnormally per¬ 
meable. So, too, are the blood vessels, a fact well recognized in the 
past. Twenty-four to 48 hours later, at a time when the blood vessels 
in the edematous tissue siurrounding the injured area are still much 
more permeable than normal, the draining lymphatics allow far less 
to escape than usual. The possible reasons for this have been dis¬ 
cussed. The lymphatics participate in the removal of fluid from the 
edematous tissue. 

As repair after injury takes place severed lymphatics may reunite 
when as yet there are no functioning blood vessels. Later an active 
h}rperplasia of the lymphatic channels occurs, an extraordinarily 
abundant plexus of minute lymph capillaries budding into the area 
under repair. 
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EXPLANATION OF PLATES 
Plate 28 

Fig. 1. Photograph of the ear of a living anesthetized mouse, injected at the 
ear margin with standard pontamine solution, 5 hours after a transverse incision 
had been made in the skin of the upper surface. The dye entered the lymphatics 
of the injected area and gradually extended along them to escape from their 
severed ends, hlling the wound with blue dye. X6. 

Fig. 2. The result of an intradermal injection of standard pontamine solution 
into the margin of a mouse’s ear, which had been incised 24 hours prior to the 
injection and photographed 5 minutes after it. The blood vessels and lymphatics 
had been cut through. Some of the dye reached and entered the incision but 
most of it was shunted around it as described in the text. The lymphatics are 
markedly permeable distal to the incision, as indicated by the abundant dye escape 
there, and much less so proximally. XlO. 

Fig. 3. Lymphatics in the incised ear of a living mouse photographed 5 minutes 
after an injection of standard pontamine solution. The incision was made the 
day before and is easily seen in the photograph. Three lymphatic channels have 
conducted colored fluid past the incision into the tissue at the base of the ear. In 
doing so much dye has escaped, either into it or just beneath it. The increased dye 
escape distal to the incision, and the lack of escape proximal thereto is also well 
shown. X10. 

Fig. 4a. Demonstration with India ink of the lymphatic plexus about a 
healing wound. Nine days previously the skin had been incised; healing was 
progressing well. Immediately after a marginal injection of ink the ear was 
amputated and photographed under neutral paraffin oil. On the left side of the 
incision several lymphatics are seen carrying ink either directly through the 
healing incision or just beneath it. In the injured area a few very fine lymphatics 
can be made out. Linear and parallel, they lie transversely in the healing incision 
itself. XlO. 

Fig. 46. An enlargement of the same specimen. In this figure these newly 
formed lymphatics are seen to better advantage. X40. 

Plate 29 

Fig. 5a. This photograph shows the escape of pontamine solution into a burned 
region. Eight minutes prior to taking the photograph a chamber containing water 
at a temperature of 55®C. was brought into contact, for 40 seconds, with an area 
midway between the tip and base of the ear. Six minutes later the dye injection 
was made near the tip and 2 minutes later the photograph was taken. The area 
of dark, fuzzy escape of dye along the lymph channels coincides with the area of 
the bum. Elsewhere no dye has piassed out. X9. 

Fig. 56. The same preparation 2 minutes later, that is to say 4 minutes after 
the injection. In the unharmed ear standard pontamine solution does not begin 
to escape from the lymph channels for 10 to 15 minutes. X9. 



PHILIP D. McMASTER AND STEPHEN S. HUDACK 


129 


Fig. 6. Ear burned in a spot midway between the tip and the base by 20 seconds 
contact with the water chamber containing water circulating at 55.0®C. One 
hour later standard pontamine solution was injected at the tip of the ear and 4 
minutes afterwards the photograph was taken. The lymphatics, though allowing 
some escape of dye into the burned region, where it colors the edema fluid, have 
transported much of it into the proximal, normal tissue. X20. 

Plate 30 

Figs. 7a and 7b, Two photographs of the same preparation taken 3 and 8 
minutes respectively after a local injection of pontamine solution at the margin 
of the ear. Three hours prior thereto a severe third degree punctate bum had 
been made midway between the tip and the base of the ear as described in the 
text. 

The rapid dye escape from the lymphatics close to the burned region is shown 
and the fact that the latter is almost unstained. A large channel traversed it from 
which dye ecchymosis occurred after a time. X6. 

Fig. 8. A photograph of the ear of a living anesthetized mouse 2 days after a 
stigmatic bum had been induced on its upper surface as described in the text. 
Four minutes prior to the photographic exposure the animal received intravenously 
0.05 cc. of 21.6 per cent aqueous isotonic pontamine sky blue solution. 

The increased permeability of the smaller blood vessels is evidenced by a ring 
of intense color about the bum, while elsewhere in the ear very little dye has 
escaped. At the center of the burned area there is some slight diffuse 
staining. X6. 

Fig. 9. The ear of an anesthetized mouse injected with a suspension of dialyzed 
India ink in 5 per cent gelatin solution 9 days after a stigmatic burn. One minute 
after the injection the ear was severed, placed under neutral paraffin oil, and photo¬ 
graphed after another minute. The burn had caused a complete perforation of 
the ear which at the time of the injection was gradually being closed by granulation 
tissue. Several very small new-formed lymphatics can be seen in the new-formed 
tissue and about the healing burn there is an abnormally rich plexus of lymphatics 
many of which are very small. X6. 
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IRREVERSIBLE CHARACTER OF THE LATE CHANGES 
AFTER HEPATECTOMY 
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(Received for publication. May 31,1934) 

Death invariably follows extirpation of the liver in mammals. The 
first symptoms which arise are due to hypoglycemia, and vanish upon 
administration of glucose (1-5). For several hours, if sugar is given, 
the animals show no symptoms but later, despite all treatment, a 
second clinical stage develops, characterized by ataxia, weakness, 
coma and respiratory failure and ending in death (4, 5). The se¬ 
quence of events is the same in the rabbit as in the dog (6-8). As the 
cause of the fatal issue is unknown, the work to be reported here was 
undertaken in an attempt to gain insight into it. We have endeavored 
to learn whether rabbits manifesting the symptoms of the advanced or 
'^second stage'^ of liver insufl&ciency can be aided by the circulation 
of their blood through the livers of healthy animals or by cross¬ 
transfusion with normal animals. A preliminary note based upon 
some of this work has already been reported elsewhere (9). 

Results of Circulating the Blood of Liverless Rabbits through a Normal 

Liver 

Control Experiments, —Before attempting experiments with hepatectomized 
animals, trials were made with etherized normal ones. A carotid artery and exter¬ 
nal jugular vein were connected with the portal vein and hepatic vein respectively 
of the freshly removed livers of other rabbits and the blood was allowed to run 
through the organ for periods ranging from 2 to 6 hours. The technique will be 
described below. During the tests flow was free through the livers and the current 
in the intralobular capillaries could be observed with a microscope. The large 
amounts of bile secreted by the transfused organs gave evidence of their functional 
integrity. Sections of the hepatic tissue taken at the end of the experiments 
showed no changes from the normal appearance; and the healthy rabbits which 
furnished blood showed no ill effects whatever. 

We next endeavored to determine whether the passage of liverless 
animals’ blood through the liver of a normal rabbit would bring about 
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clinical improvement after the symptoms of advanced liver insuffi¬ 
ciency had developed. In all, fourteen experiments were made, of 
which four were carried to completion without any perceptible faults 
of technique which might render the findings questipnable. The 
results of the other ten experiments were confirmatory of these four. 

Method 

Male rabbits 1800-2000 gm. in weight were used. They were submitted, 6 
weeks before the experiments, to a preliminary operation (7) to develop collateral 
circulation about the liver. At the end of this period, and following a fast of 78 
hours, with access to water, hepatectomy was done under ether anesthesia by a 
method already described (7), and two short, paraffined, glass cannulae were put 
in the left carotid artery and the left external jugular vein. Each cannula, 
already filled with 10 per cent sodium citrate solution, had on its free end a tightly 
fitting bit of rubber tubing a centimeter in length and after it had been filled with 
isotonic sodium citrate solution {3.S per cent), it was plugged with a short bit of 
glass rod. The plugs drove some of the citrate solution into the lumina of the 
vessels—thereby preventing clotting about them. A sterile vaseline dressing kept 
the vessels and surrounding structures moist. 

In several preliminary experiments these cannulae were not put in place until 
the transfusions were about to be done. In such instances unavoidable traction 
on the cervical nerves in animals already in the second stage of liver insufficiency 
caused depression of the blood pressure and in one instance death. Thereafter 
the cannulae were always inserted at the time of the original operation. 

It was planned to j>erform ‘‘liver transfusions^* only after the second stage was 
clearly manifest in the liverless animal. As a period of 12-16 hours usually 
elapsed before symptoms of second stage liver insufficiency developed, hepatectomy 
was usually done in the evening. 

The animals were given warm 25 per cent glucose by mouth and left in a 
warmed cage for the night. The following morning they appeared quite normal. 
Examination showed the pupillary and musculo-motor reflexes, pulse, temperature 
and respiration to be normal. A blood specimen of 0.2 cc. was taken for blood 
sugar determination, but, without waiting for the finding, warmed glucose, 10-15 
cc., was intravenously injected in isotonic solution (5.4 per cent). At regular 
intervals thereafter the injections were repeated. Frequent blood sugar determi¬ 
nations by the Hagedom-Jensen (10) method served as a guide to regulate the 
amounts to be given to keep the blood sugar concentration well above normal at 
all times. At intervals the blood pressure was determined through the carotid 
cannula. 

To maintain the temperature of the animals, they were kept on a warm pad and 
roofed over by a wire caging covered with cotton wadding. Besides the pad a 
silvered electric light bulb kept up the warmth in the caging. As at least one 
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observer was in constant attendance upon the animals, the temperature was 
regulated by turning the light on or off. 

From time to time the pupillary and musculo-motor reflexes were examined. 
At these times, before the second stage s)anptoms of liver deprivation had begun 
they were normal, and the pulse, respiration and temperature, recorded at intervals 
of a few minutes through all the experiments, were normal too. 

While the liverless rabbit was still in the first stage, blood specimens from four 
male rabbits of about the same size were taken and examined for cross-agglutina¬ 
tion with the blood of the liverless animal. From amongst the four, three donors 
with compatible blood were readily selected. Incompatibility is rare in rabbits. 

The approach of the second stage after hepatectomy was usually first detected 
by a change in the animals* posture. During the first stage hepatectomized 
rabbits receiving the necessary injections of dextrose sit as do normal animals, 
with elevated head and the paws drawn well under the body. At the approach of 
the second stage one notices a drooping head and the paws tending to sprawl 
apart. The animals seemed startled when touched and soon showed ataxia if 
placed on the floor and allowed to move about. 

With the development of these early signs in the liverless animal with blood 
sugar artificially maintained at a high level, two of the selected donors were bled 
30-35 cc. The blood was defibrinated and placed in a water bath at 39°C. When 
a short time later the signs of the second stage of liver insufficiency had become 
clearly manifest in the liverless animal a third, freshly fed donor rabbit was 
anesthetized with ether and injected intravenously with 5 cc. of 1 per cent heparin 
solution. Paraffined cannulae, filled with the defibrinated blood and plugged, 
were swiftly placed in the portal vein above the juncture with the splenic vein and 
also in the vena cava just above the entrance of the renal vein. A third cannula 
was inserted into the bile duct after tying and cutting the cystic duct. The thorax 
was then opened and a ligature rapidly thrown about the inferior vena cava above 
the diaphragm. The liver, with cannulae in place in the extrahepatic portions of 
its vessels, was removed together with the portion of diaphragm surrounding the 
vena cava. The whole was immediately submerged in a bath of warm paraffin oil 
at 39®C. contained in a soft basin of rubber dam tissue fixed within the rim of an 
iron ring-stand. At once thereafter the cannulated carotid artery of the liverless 
rabbit was connected with the portal vein cannula of the liver preparation, and the 
jugular was hitched to the inferior vena cava. This was done by means of short 
paraffined rubber tubes which, together with the cannulae, were filled with defibrin¬ 
ated blood and clamped. The tube leading from the carotid artery bore a side 
arm connecting with a mercury manometer for blood pressure readings. 3 cc. of 1 
per cent heparin solution was added to 15 cc. of blood from one of the donor 
rabbits and the tube filled with this and clamped between the manometer and the 
liver preparation. Now, 25 cc. of the blood of the first or second donor rabbit was 
slowly injected through the rubber tubing beyond the clamp in the direction of the 
portal vein of the liver preparation, together with 5 cc. of 1 per cent heparin 
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solution. This was done to charge the liver preparation with blood, thus prevent¬ 
ing subsequent loss of blood from the liverless animal into it. No fall in blood 
pressure of the hepatectomized animal resulted when heparin was injected first 
into the liver preparation and distributed to the blood in this way. The clamp 
on the vena cava-jugular vein connection was released and at once a flow of blood 
occurred from the liver toward the hepatectomized rabbit. Thd remaining clamp 
on the carotid artery-portal vein connection was next removed and circulation 
through the excised liver commenced. As result the arterial blood passed through 
the portal vein to the liver lobules, and reaching the vena cava by way of 
the hepatic vein, entered the liverless rabbit once again. The upper end of 
the vena cava had been ligated and so too had the hepatic artery. Excessive 
flow of blood from the carotid artery, with resultant distention of the liver with 
blood, was prevented by partial occlusion of the tube attached to the carotid 
cannula. The temperature of the oil bath containing the liver was maintained 
at 38-38.5^0. by constantly stirring in additions of paraffin oil at 40.5^C. and 
draining an equal quantity from the basin. The liverless rabbit remained on 
the warm pad under the canopy of cotton wadding. Pulse, temperature and 
respiratory rate were constantly observed. 

Blood flow was usually visible in the cannulae but at intervals the occurrence 
of flow through the liver was confirmed by pinching the tube leading to the jugular 
vein. Under these circumstances the livers filled with bright blood in about 20 
seconds when full flow from the artery was permitted, and emptied in 40 seconds 
when it was cut off. Bubbles of lymph were seen escaping from the cut lymphatics 
of the liver, under the oil, and bile was copiously secreted, as shown by the flow 
from the cannula in the bile duct. In the four experiments of this nature the 
livers were transfused from 1} to 4 hours. To terminate the transfusion the 
connecting tubes were simply cut and plugged, avoiding all traction on the cervical 
nerves. A blood specimen of the hepatectomized animal was then taken at once 
for sugar determination and an intravenous injection of warmed isotonic glucose 
was given without awaiting the blood sugar findings. The pupillary and musculo- 
motor reflexes were examined and the animal was observed for ataxia, weakness, 
blindness and other symptoms of second stage liver insufficiency. It was kept 
on the warm pad until death occurred, given ample glucose, and pulse, temperature 
and respiration were observed at short intervab. Careful autopsies were performed 
to determine whether hemorrhage, insufficient coUateral circubtion or any cause 
of death could be found, other than absence of the liver. Blocks were taken from 
the different lobes of the donor liver. Invariably the sections from these were 
completely normal in appearance. 

The transfusion of the blood of the liverless animals through normal 
livers produced no clinical improvement whatever, although the 
ftmctional integrity of the donor liver was evidenced both by the 
formation of much normal looking bile during the experiments and by 
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the lack of histological change of the hepatic tissue. In each of the 
experiments some 6-8 cc. of clear green bile was obtained from the 
cannula in the bile duct. Furthermore, the flow of blood through the 
transfused livers was always excellent. As soon as the liver trans¬ 
fusion was begun the donor liver became bright red and swollen; 
but the blood coming from it was distinctly darker than that entering. 
Partial occlusion of the recipient’s carotid artery produced prompt 
reduction in the liver’s size and a change in color to a darker hue. 

Cross-Transfusions between Normal and Liverless Animals 

Since “liver transfusion” failed to ameliorate or reverse the symp¬ 
toms of advanced liver insufficiency it seemed wise to resort to cross¬ 
transfusions between liverless animals and intact normal ones. This 
procedure introduces many influences not present in a “liver trans¬ 
fusion;” and if it were carried out soon enough after hepatectomy 
there should be no reason for the liverless rabbit to develop any in¬ 
sufficiency. We purposely delayed it until the second stage of liver 
insufficiency had set in. Under these circumstances an opportunity 
was provided for amelioration through an elimination of toxic sub¬ 
stances by way of the intact liver and the excretory organs of the 
donor. One was also afforded for the observation of possible effects 
of the cross-transfusions upon the donors, from which one might infer 
the accumiflation of toxic substances in the blood of the liverless 
rabbits. In many ways the symptoms of the rabbit dying of liver 
insufficiency suggest that there exists a toxic depression of the central 
nervous system (4). To explore this possibility some of the cross¬ 
transfusions were so carried out as to prevent the dilution of the 
recipient’s blood before it should reach the central nervous system of 
the donor. In these, as will be described below, the blood leaving 
each animal from a cannula in the proximal end of the carotid artery 
entered the circiflation of the other through a cannula situated in the 
distal end of the carotid. In the ordinary experiments cross-trans¬ 
fusions were performed from the carotid artery of one animal to the 
jugular vein of the other and vice versa. 

Control Experiments .—^Four cross-transfusions between pairs of equal sized 
normal rabbits were performed under ether anesthesia. In two experiments, 
after testing the bloods Of the prospective partners for compatibility, paraffined 
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cannulae were inserted in the left carotid arteries and left jugular veins of each 
animal and connected by short paraffined rubber tubes 3 cm. in length in such a 
way that the carotid blood of one animal flowed into the jugular vein of the other. 
In the other experiments two cannulae were placed in the left carotid artery of 
each of the animals and connected by rubber tubes in such a way that blood flow 
from the proximal end of the carotid artery of each one passed into the distal end 
of the carotid of the other. To prevent clotting in the cannulae prior to the 
transfusion they were filled with heparinized blood and stoppered as in the 
previous work. 5 minutes before each experiment was begun both animals 
received intravenously 3-5 cc. of 1 per cent heparin solution. The cross-trans¬ 
fusions were allowed to continue 1, 2, 3 and 4 hours respectively. No un¬ 
toward symptoms developed. Only insignificant changes in pulse and respira¬ 
tory rate were observed. In one of the experiments the effect of bleeding one 
animal into the other and vice versa was repeatedly tried, by temporarily clamp¬ 
ing the carotid artery of one. When the blood pressure of the bled animal fell 
to about 10 mm. of mercury that of the other rose but 15-20 mm. above its 
“normal’^ under the conditions. Both pressures returned to the previous level 
when the cross-flow of blood was again permitted. 

Cross-transfusions were next carried out between normal rabbits 
and liverless ones in the second stage of liver insufficiency. The 
liverless animals at times showed slight improvement, perhaps owing 
to better circulation of the blood, for the skin often became more pink 
and warm, but, though the cross-transfusions were continued, the 
animals lapsed rapidly into their previous state. 

Methods and Technique 

Rabbits of 1800-2000 gm. were submitted to a preliminary operation (7) to 
develop collateral circulation about the liver, and later, under ether anesthesia, 
the liver was removed and two cannulae inserted in the vessels of the neck. Both 
were placed in the same carotid artery in some experiments, one directed toward 
the heart, the other toward the head; and in other experiments one in the carotid 
artery, toward the heart, the other in the jugular vein. They were fiUed with 
10 per cent sodium citrate solution and closed off with pieces of glass rod as usual. 

Save where special mention is made the further postoperative treatment of the 
liverless animals was as in the previous work. Warmed glucose was given by 
mouth the first night after operation and on the following day intravenously, 
frequent blood sugar determinations serving as guide to the amounts to be given. 
As routine, but more frequently than in the instances used for ‘‘liver transfusions,” 
the blood pressure of the animals was taken from the carotid cannula,—at hourly 
or half hourly intervals,—to determine the pressures at which the later cross¬ 
transfusion should be done. 
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For the transfusion two donor rabbits of about the same size as the liverless 
recipient were selected by cross-agglutination tests for compatibility. From one 
40-50 cc. blood was taken with light ether anesthesia from the carotid artery, 
aseptically defibrinated and kept in a water bath at 39°C., ready for use as will 
be described below. The other donor was lightly anesthetized with ether and 
two cannulae were placed in the neck vessels, the location depending upon the 
type of cross-transfusion to be done. 

After hepatectomy about half the rabbits passed into the second stage of liver 
insufficiency without significant changes in blood pressure as measured from time 
to time by a mercury manometer brought into connection with the cannula in the 
carotid artery. 

The others showed a marked fall prior to the onset of the second stage. As the 
experiments demanded postponement of the transfusions until the animals were 
manifestly in this stage, and as we did not wish to mistake an ordinary improve¬ 
ment in blood pressure resulting from transfusion for an improvement in general 
condition due to relief from the hepatectomized condition, the liverless animals 
with low blood pressure were given injections of the defibrinated blood in sufficient 
amount to maintain the blood pressure until the symptoms of the second stage had 
fully developed. At times 25-40 cc. was required, given slowly at intervals, in 3-4 
cc. amounts. When the second stage was fully established in the recipient, both 
animals were given 5 cc. each of heparin solution (10 mg. per cc.), and cross- 
connections were made with the cannulae by means of short rubber T tubes in 
such a way that blood flow from the proximal end of the carotid artery of each 
passed into the distal end of the other and so toward the brain, or, in the instances 
in which the jugular vein had been cannulated, from carotid artery to vein. Mer¬ 
cury manometers were attached to each of the tubes connecting the cannulae. 
These afforded continuous readings of the pressure at which blood flowed from 
one animal to the other. By clamping the tube on either side of the manometer 
by-pass, the blood pressure in the carotid of either animal could be obtained. 
The tubes leading to the manometers also carried a short side arm attached to a 
greased Luer syringe through which blood could be added to or recovered from 
the circuit at will. Immediately before beginning cross-transfusion the blood 
pressure of the recipient was brought up to that of the donor, when it was some¬ 
what lower, by the addition of as much compatible defibrinated blood as necessary. 
The blood, already taken from one of the donors, was given through a syringe 
to the donor of the cross transfusion and that animal was allowed to bleed an 
equal amount into a second S 3 u:inge. This blood was in turn given to the recipient. 
In this way we avoided direct injection of defibrinated blood into the sick recip¬ 
ient, yet without changing the donor’s blood pressure allowed the latter to 
furnish blood enough to the recipient to equalize the pressures in the animals. 
The cross-transfusion was then begun and the flow of blood adjusted thereafter 
by partial occlusion of the connecting tubes, so that the blood pressure of the 
liverless recipient remained throughout the experiment at approximately the same 
level as previously, or very slightly higher. 
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It was found by repeated determinations in the majority of experiments that 
the blood pressure of each animal at the proximal end of the carotid artery aver¬ 
aged about 5 mm. of mercury more than the transfusion pressure, that is to say 
the reading of the manometer without obstruction to the blood flow between 
animals. ^ 

The cross-transfusions were allowed to run for 2-4i hours. At frequent inter¬ 
vals tests for flow in the connecting tubes were made by means of the greased Luer 
syringes. Simultaneous obstruction of the afferent blood flow to each animal 
close to the distal carotid (or jugular vein) cannulae caused the efferent streams of 
blood to pass into the syringes. By releasing the obstruction and in turn pre¬ 
venting efferent flow from both animals the material in the syringes could be 
expelled by way of the distal cannulae. In the instances in which jugular can- 
nulations were used the jugular veins at each end of the venous cannula showed a 
bulbous swelling which disappeared at once when the tubes leading to them were 
pinched. Furthermore blood flow was usually visible in the cannulae. 

As the transfusions continued the blood pressures of donor and recipient usually 
fell slightly. At intervals of approximately 20 minutes, 2J-4 cc. of a 1 per cent 
heparin solution was injected in small doses into the tube leading to the donor. 
Transient falls in blood pressure resulted but were recovered from rapidly. Occa¬ 
sionally the blood pressure of one animal or the other would increase and there 
must have resulted some surge of blood from the one with higher pressure to the 
other. But pressure equilibrium was always soon re-established. 

In two of the experiments the untouched carotid artery of the donor rabbit 
was ligated after the cross-transfusion had run for half an hour. This rendered 
the cerebral circulation of the donor almost wholly dependent upon blood supplied 
by the liverless rabbit. 

As in the ‘‘liver transfusions” so in these the cross-flow of blood was terminated, 
when desired, by cutting and plugging the connecting tubes. Thus all traction 
on cervical nerves was avoided. As soon as a cross-transfusion was discontinued 
the liverless animal was given glucose, its comeal and musculo-motor reflexes 
were tested and it was examined for ataxia. 

In the twelve experiments, five of which were wholly free from 
technical errors, the liverless rabbits showed no improvement. During 
the cross-transfusions the pulse rate slowed slightly, as one would 
expect with the advancing second stage of liver insufficiency. Imme¬ 
diately after the transfusions the animals showed no amelioration of 
the symptoms of the second stage. The muscular weakness, ataxia, 
apparent blindness and diminution of the corneal reflexes were usually 
more pronounced than before the transfusion. In a few instances 
gasping respiration, present before the transfusion, ceased for the 
first half hour of blood flow but began again before the transfusion 
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was finislxed. In general it can be said that the second stage of hepatic 
insufiRciency progressed during the cross-transfusion itself, although 
its progress was usually far more rapid after the procedure. 

In three of the five experiments the liverless animals entered the 
second stage with normal or almost normal blood pressure. In two 
instances abnormally low pressures existing an hour or two before 
cross-transfusion were rectified by injections of blood and further 
raised when the cross-transfusion was begun. The improvement 
was slight and short lived, however, and the phenomena of the second 
stage of liver insufficiency became more marked during the trans¬ 
fusion period,—this despite the fact that the pale skin of these recip¬ 
ients often became pink and that in one instance the blood pressure 
was raised from 40 mg. of mercury to 100. Clearly the late course of 
events after liver deprivation, that which leads to death, is not averted 
or even importantly delayed by cross-transfusion. We have rigor¬ 
ously ruled out all instances in which slips in technique or pathological 
conditions might have affected the results. 

DISCUSSION 

The work here detailed has shown the late changes occurring in 
liver insufficiency to be irreversible. What can one say of the origin 
of these lethal changes arising in the animal deprived of the liver? 

It is evident that the second stage of liver insufficiency does not 
result merely from an overwhelming accumulation of toxic substances 
in the organism, which might be eliminated or neutralized by a liver 
if one were supplied. It is known that the products of incomplete 
metabolism accumulate in the blood of the liverless animal. Bollman, 
Mann and Magath (11) have reported the presence of increased 
amounts of uric acid and a probable increase in ammonia (12) in the 
blood of dogs deprived of the liver. Work already reported from this 
laboratory has confirmed these uric acid findings in rabbits suffering 
from pronounced liver insufficiency (6). Doubtless other products 
of incomplete metabolism accumulate in the blood of the animals as 
well. Both in the “liver transfusion” and cross-transfusion experi¬ 
ments there was ample opportunity for the donor liver to destroy or 
excrete toxic substances in the blood if such had been present. Fur¬ 
thermore in the cross-transfusion experiments there must have oc- 
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curred a dilution of any toxic substances, present in the recipient’s 
blood, by admixture with the donor’s blood. Despite these favorable 
conditions no improvement was observed in the condition of the liver- 
less animals. 

A toxic product accumulating in the blood of a liverless rabbit in 
amounts sufficient to kill might be expected to register some deleterious 
effect upon a normal animal through which the entire blood bulk, 
of the liverless one was suddenly circulated by transfusion. But no 
such effect was observed upon the donor rabbits in our cross-trans¬ 
fusion experiments. The animals serving as donors were allowed to 
recover from the anesthetic and carefully observed. They exhibited 
no abnormal s)rmptoms whatever, even in the instances in which the 
hepatectomized rabbit’s blood was allowed to run cephalad into the 
carotid artery of the donor, thus coursing through the brain and 
central nervous system of the latter before reaching the liver. 

The symptoms of the second stage of liver insufficiency cannot be 
due to the mere lack of some essential substance, hormone or what not, 
which can be supplied from without at a late stage, as can sugar to 
prevent early death from deprivation of the liver. Previous work 
on hepatectomized animals (1-9) has not demonstrated a lack of 
essential substances other than glucose, but such work has not sufficed 
to exclude the possibility. The present work has made plain the 
fact that the normal organism cannot supply anything to the liverless 
one that will do away with or even ameliorate the second stage phe¬ 
nomena after hepatectomy, once these have appeared. But perhaps 
the second stage had failed to appear until the lack became so great 
that irremediable damage had been done. Against the validity of this 
improbable assumption there is evidence, but unfortunately no proof. 
The liverless animal at the time of the onset of the second stage is 
normal in appearance and our histological examinations at autopsy, 
even in the untreated liverless animal, show no definite degenerative 
changes in the central nervous system or elsewhere. Yet cross-trans¬ 
fusion fails to prolong life in these animals. The outlook for prolong¬ 
ing the life of hiunan beings with severe liver insufficiency by supplying 
“biologicals” is not a promising one. 

An accumulation of toxic substances or a lack of something essential 
there may be in the hepatectomized organism but if so this lack or 
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accumulation has resulted in irreversibly damaging changes by the 
time the second stage has set in. 

Was there an accumulation of toxic products which became fixed 
upon the tissues? The foregoing discussion has concerned itself 
chiefly with the possible presence or lack of substances freely circu¬ 
lating in the blood of the liverless animals. A toxic substance present 
in the blood in minute quantity might conceivably be continually 
removed or rendered harmless by the liver, but become fixed within 
the tissues on the absence of the organ, causing irreversible damage. 
Such a happening would account for the failure of cross-transfusion 
to cause any betterment. An irreversibility of the changes of liver 
deficiency as manifested by the second stage phenomena has been the 
invariable finding in our work. 

Yet another possibility remains. Perhaps the liver by means of 
minute amounts of some substances controls the activity of other 
organs, and when it is lacking, some irreversible change takes place. 

SUMMARY 

The s 3 mptoms of advanced liver insufficiency, in the hepatectomized 
rabbit, are irreversible. That is to say, cross-transfusions between 
liverless rabbits and normal ones fail to ameliorate the symptoms of 
liver deprivation once they are established. The normal rabbits show 
no symptoms suggesting that toxic substances have accumulated in 
the blood of the hepatectomized ones. 
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SYNTHESIS OF THE PHOSPHORIC ESTERS OF 
HYDROXYAMINO ACIDS 

III. Resolution of ^/jZ-Serinephosphoric Acid and Synthesis 
OF Z-Hydroxyprolinephosphoric Acid 

By P. a. LEVENE and A. SCHORMULLER 
{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, June 29, 1934) 

In previous communications of this series^' * the sjmthesis of the 
phosphoric esters of two hydroxyamino acids (namely natural 
tyrosine and d,Z-serine) was reported. It was desired to prepare 
the phosphoric esters of the other naturally occurring hydroxy¬ 
amino acids. 

The present communication contains a report on the synthesis 
of the phosphoric ester of the natural U (levo-)hydroxyproline. 
This substance was prepared by the method which led to the for¬ 
mation of the ester of d,Z-serine. 

At the same time, we wish to state that the method was not 
applicable to the synthesis of the phosphoric esters of either hy- 
droxyaspartic or hydroxyglutamic acids. In fact, up to the pres¬ 
ent, we have failed to prepare either of these esters by any other 
method of phosphorylation which we have applied. 

The present paper also contains a report on the resolution of 
d,Z-serinephosphoric acid to give dextro-serinephosphoric acid, the 
maximum rotation of which was found practically identical with 
that of the naturally occurring substance. The purity of the sub¬ 
stance described by Lipmann and Levene* is thus definitely 
established. 

Occasion was also taken to convert the dextro- (d-)phosphoser- 

^ Levene, P. A., and Schormtiller, A., J, Biol, Chem., 100, 683 (1033). 

•Levene, P. A., and Schormtiller, A., J, Biol. Chem,, 106, 647 (1934). 

• Lipmann, P. A., and Levene, P. A., J. Biol. Chem., 98,109 (1932). 
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ine into levo-phosphoglyceric acid. The ease with which this 
reaction is accomplished indicates that the same reaction may 
occur in the living organism and, in view of the part played by 
phosphoglyceric acid in carbohydrate metabolism, a new physio¬ 
logical significance may be attributed to phosphoprbteins. 

Incidentally, mention may be made of the use of Raney’s cata¬ 
lyst for the synthesis of aminomalonic ester and hydroxyglutamic 
acid. In the latter case the method of Harington and Randall* 
is more advantageous from the view-point of yield; on the other 
hand, by Raney’s method, the isolation of the intermediate prod¬ 
uct—the dihydropyrazine derivative—was accomplished without 
difficulty. 

EXPERIMENTAL^ 

Dextro-Serinephosphoric Acid —The d,J-serine required for the 
preparation of d,i-serinephosphoric acid was prepared essentially 
according to the method of Leuchs and Geiger.® However, instead 
of the chloroacetal, the bromoacetal (obtained from paraldehyde 
with bromine) was treated with sodium ethylate on the steam 
bath,^ thereby producing the ethoxyacetal by a much simpler 
process and with a very good yield. The d,i-serine (200 gm.) was 
phosphorylated* in portions of 8 gm. and yielded 106 gm. of the 
barium salt of d,l-serinephosphoric acid. 

Two portions of the barium salt (50 gm. each) were each sus¬ 
pended in 400 cc. of water. Sulfuric acid was added in slight 
excess and the mixture vigorously shaken mechanically diuing 1 
hour. The solutions were combined, filtered, and quantitatively 
freed from barium and sulfate ions. The clear solution was made 
faintly alkaline by addition of a concentrated solution of brucine 
in methyl alcohol. The excess brucine was then removed by 
extraction with chloroform and the aqueous layer evaporated 
under diminished pressure to a thick syrup. 

The product was dissolved in 750 cc. of boiling methyl alcohol 
and the solution cooled in ice water during 2 hours. On filtering 

* Harington, C. R., and Randall, S. S., Biochem. J., 26, 1917 (1931). 

‘ We wish to thank Dr. R. S. Tipson for his kindness in assisting in the 
preparation of the manuscript. 

* Leuchs, H., and Geiger, W., Ber. chem. Oea., 39, 2644 (1906). 

* Si)ath, E., MontUah. Cham., 36, 4 (1915). 
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through a Buchner funnel, there were obtained 175 gm. of nicely 
crystallized brucine salt. On concentrating and standing in the 
refrigerator the mother liquor yielded an additional 40 to 50 gm. 
of the salt. 

175 gm. of the first crop of brucine salt were recrystallized four 
times from absolute methyl alcohol and a small sample then con¬ 
verted into the barium salt. The optical rotation of the barium 
salt, dissolved in 10 per cent hydrochloric acid, was 




+0.75^ X 100 
2X6 


+6.3® 


After seven recrystallizations, the rotation under the same con¬ 
ditions was +8.6®. After nine recrystallizations, the rotation was 
constant (+9.4®) and was not changed by further crystallization. 
The yield was 40.5 gm. 

Dried under diminished pressure at 60®, the dibrucine salt had 
the following composition. 

6.940 mg. substance: 0.382 cc. Na (757 mm. at 26®) 

4.190 ** : 8.980 mg. molybdate 

C 4 »H,oOi 4 N 6 P.* Calculated. N 7.20, P 3.19 
973.5 Found. 7.31, 3.11 

* In our former paper* the formula and calculated values for the dibru¬ 
cine salt should be corrected. 


On heating, the salt sinters at 100® and decomposes® around 130®. 
The barium salt, obtained from the brucine salt with barium 
hydroxide, had the following composition after drying at 110®. 


10.580 mg. substance: 0.387 cc. Na (762 mm. at 26°) 
3.472 : 23.180 mg. molybdate 

CjHftOBNPBa. Calculated. N 4.36, P 9.65 
320.4 Found. “ 4.18, ** 9.69 


For the determination of the specific rotation, a 6 per cent solu¬ 
tion of the barium salt in 10 per cent hydrochloric acid was used. 


[«1S 


+1.13® X 100 
2 X 6.0 


+9.4® 


Calculated as the free acid, the rotation® was 


[alS 


+1.13® X 100 
2 X 3.47 


+16.3® 


* Levene, P. A., and SchormUller, A., J. Biol, Chem,^ 103, 637 (1933). 
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Phosphate of Wlyceric Acid from d-Serinephosphoric Acid—To a 
suspension of 4.8 gm. of finely powdered barium salt of d-serine- 
pbosphoric acid in 100 cc. of water 2.7 gm. of concentrated sulfuric 
acid were added and the mixture was vigorously shaken during 30 
minutes. To this suspension a concentrated aqueous solution of 
2.3 gm. of pure crystallized barixun nitrite (Ba(NO*) 2 -HiO) was 
slowly added during 1 hour, being cooled in ice throughout the 
operation. The mixture was then allowed to stand overnight at 
room temperature. 

A small portion of the liquid was now concentrated under di¬ 
minished pressure, rendered faintly alkaline by addition of barium 
hydroxide, and filtered through charcoal. On rapidly heating the 
solution to boiling, the barium salt was precipitated and was 
filtered off while hot. After reprecipitating with alcohol from an 
aqueous solution made faintly acid to Congo red* the substance 
still contained 1.5 per cent of nitrogen. 

Therefore, the larger part of the reaction liquid was treated 
once more with 1.2 gm. of sulfuric acid and 2.3 gm. of barium 
nitrite as described above. Finally, after standing for 3 to 4 hours, 
the barium salt was prepared. The yield was 1.4 gm. 

The substance was dried at 110® for analysis and had the follow¬ 
ing composition. 

6.005 mg. substance; 2.120 mg. CO, and 0.080 rag. H,0 

4.650 “ “ : 29.900 “ molybdate 

40.470 “ “ : 27.820 “ BaSO« 

C,H, 07 PBa. Calculated. C 11.20, H 1.55, P 9.64, Ba 42.75 
321.4 Found. " 11.55, " 2.19, " 9.54, “ 40.45 

For the determination of the specific rotation, Vogt’s* method 
was followed. 0.4018 gm. of the barium salt was dissolved in 2.5 
cc. of N sulfuric acid and immediately neutralized with 2.5 cc. of 
N sodium hydroxide. The rotation was 




-1.00° X 100 
2 X 8.036 


- 6 . 2 ° 


Calculated as the free acid, the rotation was 


M 


M 

D 


-1.00° X 100 
2 X 4.66 


-10.7° 


• Vogt, M., Biochem, Z., 211, 1 (1929). Neuberg, C., Weinmann, F., 
and Vogt, M., Biochem. Z., 199, 248 (1928). 




P. A. LEVENE AND A, SCHORB£f>LLER 


147 


After the addition of a few drops of concentrated hydrobromic 
acid the rotation changed,* and after standing for 3 days it was 




+0.39^ X 100 
2 X 8.036 


+2.4® 


Dextro-serine, converted into glyceric acid, yields the levo acid.“ 

Levo-Hydroxyproltnephosphoric Acid —Phosphorus pentoxide 
(4.0 gm.) was dissolved in 40 gm. of 100 per cent phosphoric acid. 
To this solution were added 5.2 gm. of pure hydroxyproline (very 
finely powdered) and the mixture was thoroughly stirred. After 
standing in a desiccator during 50 to 60 hours, finely chopped ice 
and then 2 liters of ice water were added. 180 to 200 gm. of 
crystallized barium hydroxide and a little phenolphthalein were 
now added and the mixture was vigorously stirred until it became 
pink in color. The barium phosphate was removed by centrifug¬ 
ing and the precipitate well stirred with about 1 liter of water and 
filtered through a thin layer of charcoal. The combined solutions 
were rendered neutral by addition of a few drops of hydrobromic 
acid and then concentrated under diminished pressure at 40® to a 
volume of 150 to 200 cc. The solution was made faintly alkaline 
with barium hydroxide, filtered through charcoal, and alcohol was 
added imtil the concentration of alcohol was about 60 per cent. 
The thick precipitate was readily separated by centrifuging. 
After washing successively with 50 per cent alcohol, 80 per cent 
alcohol, alcohol-ether 1:1, and anhydrous ether, the barium salt 
was filtered off and dried. Yield 4.3 gm. 

The barium salt is a very fluffy, white powder which is easily 
soluble in cold water. On heating the aqueous solution, the 
barium salt separates as a compact, crystalline precipitate, which 
consists of imperfectly formed feather-like crystals. 

For analysis, the salt was dissolved in a little cold water, pre¬ 
cipitated by boiling the solution, redissolved in cold water, and 
finally precipitated with alcohol. After drying at 80® under di¬ 
minished pressure, it still contains 1 mole of water of crystalliza¬ 
tion which can be driven off by drying at 130® imder a high 
vacuum during 24 hours. 

145.5 mg. substance lost 8.0 mg. HsO 

CsHBOeNPBa-HiO. Calculated. H 2 O 4.9 
364.5 Found. “ 5.5 


Fischer, E., and Jacobs, W. A., Ber, chem, Ges., 40,1068 (1907). 
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The barium salt, dried at 80®, had the following composition. 

7.190 mg. substance: 4.186 mg. COj and 2.090 mg. HjO 
8.696 “ “ : 0.297 cc. N* (754 mm. at 27.5®) 

4.004 " “ : 23.450 mg. molybdate 

0.2200 gm. “ : 0.1405 gm. BaS 04 

C»H,06NPBa H,0 (364.5) 

Calculated. C 16.48, H 2.7, N 3.84, P 8.62, Ba 37.64 
Found. “ 16.06, “ 3.2, “ 3.85, “ 8.51, “ 37.68 

For the determination of the specific rotation, the barium salt 
was dried at 130® and dissolved in 10 per cent hydrochloric acid. 


Mo 


-1.60° X 100 
2 X 6.0 


-13.3° 


Calculated as the free acid, the rotation was 


Mo 


-1.60° X 100 
2 X 3.656 


-21.9° 


Brucine Salt of HydroxyproUnephosphoric Acid —3.6 gm. of the 
barium salt of the hydroxyprolinephosphoric acid were dissolved 
in a little water and the barium quantitatively removed by the 
addition of about 10 cc. of 10 per cent sulfuric acid. To the aque¬ 
ous solution a solution of brucine in methyl alcohol was added 
until the mixture showed a distinctly alkaline reaction to litmus. 
The excess of brucine was extracted with chloroform and the 
aqueous layer evaporated to dryness under diminished pressure 
at 40®. 

The residue was dissolved in a little hot butyl alcohol (about 76 
per cent) and allowed to stand in the refrigerator overnight. The 
brucine salt crystallized out in rosettes of large needles. 

These crystals were dried over phosphoric anhydride at room 
temperature and then on further drying at 130® in a high vacuum 
during 30 hours, 5 moles of water were lost. The dry substance 
had an indefinite melting point between 180-183®. It had the 
following composition. 

7.965 mg. substance: 0.483 cc. Nt (756 mm. at 25°) 

3.810 “ “ : 9.500 mg. molybdate 

C.,H„OuNa>. Calculated. N 7.01, P 3.11 
999.5 Found. “ 6.90, “ 3.60 
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Diethyl Ester of Aminemdonic 25 gm. of isonitroso- 

malonic ester (purified by distiUation under diminished pressure) 
were dissolved in 46 gm. of absolute alcohol, 5 gm. of Raney’s 
nickel catalyst were added, and the mixtine was shaken with 
hydrogen at a pressure of 40 pounds per sq. inch. After 4 to 6 
hours, the absorption of hydrogen ceased. The catalyst was re¬ 
moved by centrifuging and the alcohol evaporated off imder di¬ 
minished pressure. The syrup was mixed with 250 cc. of anhydrous 
ether and saturated with dry hydrogen chloride. After standing 
for 2 hours in the refrigerator, the thick paste was filtered through 
a Buchner funnel and the product washed with dry ether. Yield 
18 to 21 gm. 

For analysis it was dissolved in a small amount of absolute 
ethyl alcohol containing 1 per cent of dry hydrogen chloride and 
precipitated by the addition of warm ether. The melting point 
was 170®. 

10.610 mg. substance: 0.608 cc. Nj (769 mm. at 24°) 

5.746 “ “ : 3.800 mg. AgCI 

C 7 HUO 4 NCI. Calculated. N 6.62, Cl 16.76 
211 Found. “ 6.67, “ 16.36 

Isolation of Diethyl Ester of 2,5-Dicarbethoxy-Dihydropyrazine-S,- 
6-Diacetic Acid (/) in Preparation of Hydroxyglutamic Acid* 

N 

CjHjOOC • HC C • CHa’- COOCaHi 

I I 

CaHjOOC • CHa • C CH • COOCaHi 

N 

I 

25 gm. of ethyl acetone dicarboxylate in 76 cc. of absolute alcohol 
were shaken in the presence of Raney's nickel catalyst with hydro¬ 
gen at a pressure of 40 pounds per sq. inch until the absorption 
had ceaaed (3 to 4 hours) and the solution was then centrifuged 
in order to remove the catalyst. After standing overnight in a well 
stoppered bottle at room temperature, the brown liquid was cooled 

Piloty, O., and Neresheimer, J., Ber. chem, Oes,, 39, 614 (1906). Puto- 
chin, N. J., Ber, chem. Ge.«., 66 , 2213 (1923). 
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in ice for several hours. During this time, a thick paste of golden- 
yellow needles formed. 

The ester crystallized from absolute alcohol in long, bright 
yellow needles having a melting point of 124®. For analysis, it 
was twice recrystallized from absolute ethyl alcohol Jtnd dried at 
60® under diminished pressure. It had the following composition. 

4.465 mg. substance: 8.870 mg. CO 9 and 2.580 mg. H 9 O 

7.960 “ “ : 0.515 cc. N, (759 mm. at 25®) 

CisHmOsN,. Calculated. C 54.24, H 6 . 6 , N 7.04 
398.2 Found. “ 54.17, “ 6.5, ‘‘ 7.40 

Conversion of (7) into 3 yS^Dirnethylpyrazine —The method given 
by Harington and Randall^ was followed exactly. The dimethyl- 
pyrazine was purified by isolation of the mercuric chloride com- 
poimd. This was converted into the picrate, which crystallized 
from absolute alcohol in long lemon-yellow needles and had a 
melting point of 157®. 



[Reprinted from Tte Journal of Biological Chemistry, September, 1934, 
Vol. 106, No. 2, pp. 603-604) 


MONOACETONE rf-XYLOKETOSE 
A Preliminary Note 

By P. a. LEVENE and R. STUART TIPSON 
{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, July 2, 1934) 

Whereas in the case of hexoses both the aldoses and the ketoses 
have been the subject of extensive investigation, in the case of 
pentoses the keto forms have attracted practically no attention, 
since they are difficultly accessible either as natural products or 
by methods of synthesis. Of the four possible forms only one 
has been discovered in nature—the ketoxyloae isolated from urine, 
in cases of pentosuria, by Levene and La Forge.^ The d form 
of this sugar was recently synthesized by Schmidt and Treiber* 
and a detailed study of its properties and of its derivatives is 
now being imdertaken in our laboratory. The present note deals 
with the preparation of the monoacetone derivative. 

d-Xyloketose was condensed with acetone in the presence of 
sulfuric acid and anhydrous copper sulfate to give a crystalline 
monoacetone derivative which does not exhibit mutarotation 
in water. It therefore presumably has one of the three following 
structures. 


CHiOv /0-CH, CH,.OH 

I ^Me, Me,0<Q | I 


r- CO ^ 

1 

HOCH 

^OC -- 

1 

HO-CH 


yOC -n 

Me,C< 1 

^OCH 

o 1 

1 0 

1 o 

H-COH 

1 

H-COH 

1 


HCOH 

1 

1 

'-CH. 

1 

CH, - J 


CH, - 


' Levene, P. A., and La Forge, F. B., J. Biol. Chem., 18, 319 (1914). 
* Schmidt, O. T., and Treiber, R., Ber. chem. Oee., 66,1765 (1933). 
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Investigation of its precise structure (and of that of the glyco¬ 
sides of d-xyloketose) is now in progress. 

EXPERIMENTAL 

Preparation of Monoacetone drXyloketose —d-XyJoketose was 
prepared from d-xylose as described by Schmidt and Treiber.* 
2 gm. of pure xyloketose (regenerated from the p-bromophenyl- 
hydrazone) were shaken with a mixture of 0.04 cc. of concentrated 
sulfuric acid, 40 cc. of acetone (analytical reagent), and 4 gm. 
of anhydrous copper sulfate at room temperature (27®) during 
90 hours. 

The product was isolated as for monoacetone ribose,* giving a 
pale yellow syrup (yield, 2 gm.) which was purified by distillation 
under a high vacuum. 

The substance boiled at 130-140® (bath temperature) at 0.1 
mm. and was collected as a colorless, viscous syrup which quickly 
crystallized spontaneously to a solid mass. 

It had the following composition. 

4.673 mg. substance: 8.665 mg. CO 2 and 3.180 mg. H 2 O 
C.H 14 O 6 . Calculated. C 60.50, H 7.‘4 
Found. “ 60.56, “ 7.6 

The crystalline material was somewhat hygroscopic and had a 
melting point of 50-52® (with softening at 45®) in a sealed tube. 

Its specific rotation was 

—0.10® X 100 

[«]* “ — 2 X 1 930 — ** “"2.6® (in water, 2 minutes after solution) 

The rotation remained imchanged after the addition of 1 drop 
of concentrated ammonia. 

• Levene, P. A., and Stiller, E. T., J. Biol. Chem., 102, 187 (1933). 
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Vol. 106, No. 2, pp. 761-7711 


THE SYNTHESIS OF THEOPHYLLINE-5-METHYL- 
RHAMNOFURANOSIDE 

By P. a. LEVENE and IRVING E. MUSKAT* 

{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, July 12, 1934) 

The present communication is one of a series dealing with the 
synthesis of the naturally occurring nucleotides. For such syn¬ 
thesis it is required to develop methods first, for the prepara¬ 
tion of the nucleosides and second, for phosphorylation of the 
latter in positions (3) or (5) of the ribose chain. Methods for 
phosphorylation in position (5) of the ribose residue have al¬ 
ready been reported from this laboratory.^** Nucleosides de¬ 
rived from pyranoses have been described by several workers but 
scarcely any attempts have been made to prepare furanosidic 
nucleosides. Such compounds are of special interest since all the 
naturally occurring nucleosides so far examined are of this type. 

In the present investigation a rhamnofuranose derivative was 
chosen for condensation with theophylline, the reason being that 
5-methyl-triacetyl-rhamnofuranose (VI) is readily converted into a 
crystalline l-bromo-5-methyl-2,3-diacetyl-rhamnofuranose (VII). 
The theophylline condensation product (IX) was obtained in 
amorphous form but had the correct composition and did not 
reduce boiling Fehling's solution prior to acid hydrolysis. 

The starting material for the preparation of 5-methyl-triacetyl- 
rhamnofuranose (VI) was the monoacetone rhamnose (I) first pre¬ 
pared by Fischer* and shown by Freudenberg^ to have the furanose 
structure. The substance prepared by us had all the properties 
described by Freudenberg; thus the monomethyl monoacetone 
methylrhamnofuranoside (III) could be converted into a mono¬ 
methyl rhamnose (IV) which, on oxidation, yielded methoxy lac¬ 
tic acid. 

* National Research Fellow in Chemistry. 

^ Levene, P. A., and Stiller, E. T., /. Biol. Chem.y 104, 299 (1934). 

* Levene, P. A., and Tipson, R. S., J. Biol. Chem.j 106, 113 (1934). 

* Fischer, E., Ber. chem. Gee., 28, 1145 (1895). 

* Freudenberg, K., Ber. chem. Oes., 69, 836 (1926). 
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A monotosyl derivative (V) of monoacetone methylrhamno- 
furanoside (II) was prepared and this was shown not to react with 
sodium iodide under the conditions which convert primary alco* 
holic groups into iodides. 

Of practical importance for future synthetic work ^n nucleotides 
was the possibility of the formation of orthoacetates of furanoses. 
Evidence was furnished that 5-methyl-rhamnofuranose (IV) 
forms a l,2-methylorthoacetyl-3-acetyl-5-methyl-rhamnofuranose 
(VIII) although the substance has not yet been isolated in pure 
form. 

Incidentally, occasion was taken to compare the advantages of 
the methylation of the monoacetone methylrhamnofuranose by 
the method of Muskat® with those of the older methods of methyla¬ 
tion, the result being favorable. 
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* Muflkat, I. E., J. Am, Chem, Soc., 66, 693 (1034). 
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-CH.O\^ yOCH, 

C 

H-C-O / \CH. 
HC-OCOCH, 

I 
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I 

30 • C • H 

I 

CH, 

VIII 

N—C—N—CH, 

HC 
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-N—C C=0 

I I 

0==C—NCH, 


IX 

EXPERIMENTAL 

Preparation of Monoacetone Rhamnofuranoee (/)—Monoacetone 
rhamnofuranose was first prepared by Fischer* and its structure 
determined by Freudenberg.* Freudenberg showed that it existed 
in two forms: (1) m.p. 87-89®, [«]» = 13® —> 17.8® (in water); 
(2) m.p. 79-80®, [a]i> = 10.9® —> 17.8® (in water). For this investi¬ 
gation the monoacetone rhamnofuranose was prepared as follows: 
10 gm. of anhydrous rhamnose were suspended in 200 cc. of acetone 
(free of methyl alcohol) containing 0.2 per cent of sulfuric acid. 
Anhydrous copper sulfate (20 gm.) was added and the mixture 
was shaken at 37® for 20 hours. The mixture was filtered and the 
filtrate rendered neutral by shaking with calcium oxide. The 
calcium sulfate and excess calcium oxide were removed by means 
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of filtration and washed with small quantities of acetone. The 
filtrate was evaporated under diminished pressure and the residual 
^^rrup was distilled. The entire product distilled without decom¬ 
position at about 115® under 0.2 mm. pressure. The product 
crystallized; m.p. 90*. The pure crystals did not reduce Fehling’s 
solution. 

Its specific rotation was 




+0.13° X 100 
2 X 1.016 


+6.4® (in water) 


[«]” 


+0.36° X 100 
2 X 1.016 


+17.7° (in water with addition of ammonia) 


The substance had the following composition. 

6.110 mg. substance: 9.036 mg. COj and 3.610 mg. HiO 
CiHieOi. Calculated. C 62.90, H 7.8 
204.1 Found. “ 63.01, " 7.9 

Preparation of Monomethyl Monoacetone Methylrkamnofuranoside 
(III) —Freudenberg^ first methylated monoacetone rhamnofura- 
nose by the Purdie method. He obtained a product which dis¬ 
tilled at 65-67® under 0.5 to 1 mm. pressure, [aJn = —32.5® (in 
water). 

This preparation was repeated, using 20.4 gm. of monoacetone 
rhamnofuranose, 100 gm. of methyl iodide, and 120 gm. of silver 
oxide. The methylation was twice repeated with half the above 
quantities of methylating agents and the product was isolated as 
a colorless, mobile syrup which distilled at 65® under 1 mm. pres¬ 
sure. Yield, 16.5 gm. (71 per cent). 

Its specific rotation was 

[a]" o ^ <» “ —53.7° (in methyl alcohol) 

2 X 3.704 

The substance had the following composition. 

6.179 mg. substance: 10.716 mg. COt and 3.845 mg. H|0 

6.665 “ “ : 11.260 " Agl 

C»H,oO.. Calculated. C 66.86, H 8.7, OCH, 26.72 
232.2 Found. “ 66.42, " 8.3, “ 26.28 
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Preparation of Monoacetone Methylrhamnofuranoeide (//)— 
Monoacetone methylrhamnofuranoside was prepared by the 
method described above for monoacetone rhamnofuranose^ except 
that 5 per cent of absolute methyl alcohol was added to the ace¬ 
tone. The entire product distilled without decomposition at 
100-105® under 0.7 mm. pressure. Two fractions were collected. 

= 1.4487 (first fraction), = 1.4520 (second fraction). 

The specific rotation of the first fraction was 

[a]S — “ —66.7® (in methyl alcohol) 

X M.uxo 

The specific rotation of the second fraction was 

— 1 V 100 

l“l“ “ “ -52-4' (in methyl alcohol) 

z X l./oo 

— 1 60® V 100 

Md " “ -35.8® (in water) 

‘ ® 2 X 2.230 

Both fractions had the same composition and consisted of mix¬ 
tures of a and p forms. The following analysis was obtained from 
the first fraction. 

6.760 mg. substance: 11.650 mg. COj and 4.300 mg, HjO 

3.070 : 3.319 “ Agl 

CioHigO#. Calculated. C 65.02, H 8.3, OCH, 14,22 
218.1 Found, « 65.16, “ 8.3, 14.09 

Methylation of Monoacetone Methylrhamnofuranoside —49 gm. of 
monoacetone methylrhamnofuranoside were methylated according 
to the method of Muskat.* 

The potassium salt of monoacetone methylrhamnofuranoside is 
a white, crystalline substance. It is quite soluble in liquid ammo¬ 
nia and in anhydrous ether. 

The salt reacts very violently with methyl iodide. It is there¬ 
fore advisable to use ether as a diluent, and to add the methyl 
iodide (slightly in excess of the theoretical quantity) slowly and 
with constant shaking. The entire reaction was carried out at 
the temperature of an ice-salt bath. The reaction mixture was 
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nhnlfftTi for 10 minutes after all of the methyl iodide had been 
added. In order to insure that the reaction^ was complete and 
that all the potassium salt had reacted with tae methyl iodide, a 
sample of the product was removed and dissolved in water. The 
aqueous solution was neutral, showing that the reaction had 
reached completion. 

The ether was removed by evaporation and the reaction product 
was extracted several times with chloroform. The ether and 
chloroform extracts were combined, filtered, and the solvents 
removed by vaporization. The residual oil distilled completely 
at 65® under 0.1 mm. pressure. Yield, 48 gm. (92.3 per cent), 
n? = 1.4360. 

Its specific rotation was 

—4 94® V 100 

Wo “ 2 X 4 532 ~ “ methyl alcohol) 

The substance had the same composition as, and is identical 
with, the monomethyl monoacetone methylrhamnofuranoside pre¬ 
pared by the methylation of monoacetone rhamnofuranose by the 
Purdie method described above. 

Preparation of p-Tolttenesulfonyl Monoacetone Methylrhamno¬ 
furanoside (F)—p-Toluenesulfonyl chloride (1.6 gm.) was added 
to a solution of acetone methylrhamnofuranoside (1 gm.) in dry 
pyridine (1.5 cc.). The mixture was allowed to stand overnight 
at room temperature and then dissolved in chloroform with the 
addition of water. The aqueous portion was extracted twice with 
small quantities of chloroform. The combined chloroform extracts 
were then washed successively with dilute hydrochloric acid, dilute 
sodimn hydroxide, and water. The chloroform solution was now 
dried over anhydrous sodium sulfate, filtered, and the solvent 
removed by vaporization under diminished pressure. 

The product was a pale yellow syrup which crystallized from 
methyl alcohol in white needles, m.p. 80®. The compound was 
very soluble in the usual organic solvents with the exception of 
ligroin. 

Its specific rotation was 



-0.40® X 100 
1X3.270 


-12.2® (in CH,OH) 
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The substance had the following composition. 

6.101 mg. substance: 10.200 mg. COi and 2.765 mg. HiO 

10.060 “ “ : 6.605 “ BaSO* 

CitHmOtS. Calculated. C 64.80, H 6.6, S 8.60 
372.26 Found. “ 64.62, " 6.1, “ 8.95 

2 gm. of the p-toluenesulfonyl monoacetone methylrhamnofurano- 
side were heated in a sealed tube for 2 hours with 2 gm. of sodium 
iodide and 10 cc. of acetone at 100“. The solution was then 
evaporated to dryness under diminished pressure, and the dry 
residue extracted repeatedly with hot chloroform. The chloro¬ 
form extracts were washed with dilute sodium thiosulfate solu¬ 
tion and then with water. The chloroform extract was dried and 
the solvent removed by vaporization. 

The resulting oil (2 gm.) was crystallized from methyl alcohol 
and melted at 80“, A mixture with the original p-toluenesulfonyl 
monoacetone methylrhamnofuranoside also melted at 80“. A 
qualitative test for halogen was negative. This is in accord with 
previous observations that a p-toluenesulfonyl group attached to 
a secondary alcoholic group cannot be replaced under these con¬ 
ditions. 

Preparation of Monomethyl Rhamnofuranose (JV) —^The mono¬ 
methyl monoacetone methylrhamnofuranoside (14 gm.) was hy¬ 
drolyzed with 1.5 per cent sulfuric acid (300 cc.) for 90 minutes 
at the boiling point (according to the method of Freudenberg*). 
All the monomethyl monoacetone methylrhamnofuranoside had 
dissolved within that time. The solution was rendered neutral 
with bariu m carbonate, filtered, and the water removed under 
diminished pressure, at a temperature not exceeding 40“. The 
residual syrup was dissolved in acetone and filtered from barium 
salts. The acetone was removed by vaporization under dimin¬ 
ished pressure and a syrup similar to that described by Freuden- 
berg was obtained. 

A sample of the syrupy monomethyl rhamnofuranose was oxi¬ 
dized with silver oxide according to the method of Freudenberg.* 
The silver salt of methoxylactic acid was isolated exactly as 
described by him. 

Preparation of Triacetyl-Monomethyl-Rhamnofuranose (VI )— 
10 gm. of monomethyl rhamnofuranose were dissolved in a solu- 
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tion of 20 cc. of acetic anhydride in 25 cc. of pyridine. The solu¬ 
tion was allowed to stand at 0° overnight and then poured onto 
ice with shaking. 

The ice-cold aqueous solution was extracted several limes with 
small quantities of chloroform and the combined chiuruhtrm 
extracts were washed with dilute sulfuric acid, sodium hydroxide, 
and finally with water. The chloroform solution was then dried 
over anhydrous sodium sulfate and the solvent removed imder 
diminished pressure. 

The residual syrup distilled almost completely at 128-131** under 
2 mm. pressure. On standing, it crystallized in part. The crys¬ 
tals were separated and reciystallized from methyl alcohol. They 
melted at 114°. 

The specific rotation of the solid was 

WS - ~ 2 ' ^0 340 ^ " -66.2“ (in methyl alcohol) 

The specific rotation of the liquid was 
—0 58® ^ 100 

[«]“ “ethyl alcohol) 

The crystalline form must have the a structure since in the I 
series the difference between the rotatory values of a — /3 should be 
negative.' Both the solid and liquid forms had the same composi¬ 
tion. The following analysis was obtained for the crystalline 
product. 

4.685 mg. substance: 8.565 mg. COj and 2.570 mg. HjO 
7.696 “ “ : 6.066 “ Agl 

110.8 " " required 11.05 cc. 0.1 N NaOH 

C„H„0,. Calculated. C 61.26, H 6.6, OCH, 10.20, COCH, 42.43 

304.2 Found. " 61.06, " 6.3, “ 10.40, “ 42.80 

A portion of the tiiacetyl-methyl-rhamnofuranose was deace- 
tylated with barium methylate according to the method of Levene 
and Tipson.^ An effort was then made to crystallize the 5-methyI 
rhamnose, but without success. 

Preparation of Bromo-Diacetyl-Mjonometkyl-Bhamnofuranose 
{VII )—10 gm. of triacetyl-monomethyl-rhamnofuranose were 

* Hudson, C. S., J. Am. Chem. Soc., 31, 66 (1909). 

’ Levene, P. A., and Tipson, R. S., J. Biol. Chem., 98, 631 (1931). 
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mixed with 50 cc. of glacial acetic acid containing 40 per cent of 
dry hydrogen bromide.® The resulting solution was allowed to 
stand at room temperature for 60 minutes, after which the hydro¬ 
gen bromide gas was removed under diminished pressure at room 
temperature. The solution was then diluted with 100 cc. of tolu¬ 
ene and evaporated to a thick syrup under diminished pressure 
at 35°. Two further portions of 50 cc. of toluene were run in and 
evaporated off. This sjrrup was now dissolved in 50 cc. of benzene 
and the solution was evaporated to a thick si^rup. Traces of sol¬ 
vent were removed under a high vacuum at 35°. 

The resulting thick, pale yellow syrup was dissolved in dry 
ether, a little charcoal was added, the mixture shaken and filtered 
through a fluted filter, the filtrate obtained being faintly yellow. 
The filtrate was then concentrated by evaporating the ether under 
suction. The rapid evaporation of the ether cooled the solution 
and crystallization set in. The crystals were collected on a filter 
and washed with a mixture of ether and pentane (1:1). The 
colorless crystals melted at 100.5°. 

The sub^ance had the following composition. 

8.570 mg. substance: 4.690 mg. AgBr (direct precipitation) 

CuHirOfBr. Calculated. Br 24.6 
326.05 Found. " 23.3 

Its specific rotation was 

[a]“ » ^- - 99 „ —176.2° (in dry chloroform) 

Preparation of Monomethyl-DiacetylnTheophyUine-Rhainnofura- 
noside {IX) —2 gm. of bromo-diacetyl-monomethyl-rhamnofura- 
nose were dissolved in 100 cc. of dry xylene. 2 gm. of the silver 
salt of theophylline, dried to constant weight at 140° under reduced 
pressure, were added and the mixture was kept at about 90° over¬ 
night, after which no bromine was found in a small filtered test 
portion. 

The mixture was filtered, and the almost colorless filtrate was 
shaken with charcoal and filtered again. On standing overmght 
at room temperature a small amount of theophylline was deposited. 

• Levene, P. A., and Tipson, R. S., J . Biol. Chem., 92, 109 (1031). 



162 


SYNTHESIS OF NUCLEOTIDES 


The filtrate from this was poured into 2 liters of ligroin nud the 
precipitate collected and dried. It has no definite melting point. 
It shrinks at about 62® and melted at about 83®. This is char- 
teristic of similar theophylline derivatives. 

Its specific rotation is 

[alS - 2 xT^^ ~ “ “23.2® (in methyl alcohol) 

The substance had the following composition. 

6.190 mg. substance: 9.625 mg. COt and 2.730 mg. HiO 

1.940 “ “ : 0.215 cc. N (767 mm., 29®) 

Ci.H,«O.N 4 . Calculated. C 50.94, H 5.66, N 13.2 
424.1 Found. “ 60.60, “ 6.88, » 12.5 

Preparation of 1 ,fi-Methylarthoacetyl-S-Ac^yU6-MethyURhamno- 
furanoae (VIII) —^The orthoacetate was prepared according to the 
method of Haworth.* 1 gm. of the bromo-diacetyl-monomethyl- 
rhamnofuranose was dissolved in dry methyl alcohol containing 
2 cc. of quinoline and the solution allowed to stand in the refrig¬ 
erator during 3 hours. 50 cc. of chloroform were then added and 
the quinoline was removed by shaking with dilute sulfuric acid. 
The chloroform extract was now washed with sodium bicarbonate 
and finally with water and dried over anhydrous sodium sulfate. 
The chloroform was removed by evaporation and the residual 
colorless oil was kept under a high vacuum overnight, 

= 1.4490. 

The specific rotation was 
r ,u +0.76® X 100 

[«1d " ii X 1188 — ”* methyl alcohol) 

The substance had the following composition. 

4.600 mg. substance: 8.800 mg. COi and 2.845 mg. HxO 
6.495 " “ : 9.000 “ Agl 

124.6 “ " required 6.75 cc. 0.1 N NaOH 

CuHjoOr. Calculated. C 62.1, H 7.3, OCH, 22.4 

276.1 Found. “ 62.16, “ 6.9, “ 21.6 

Calculated. COCH* 15.6 for one acetyl group 
“ 31.2 “ two “ groups 

Found. “ 23.2 


• Haworth, W. N., J. Chem. Soc., 2862 (1931). 
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The substance was therefore a mixture of the glycoside and the 
orthoacetate and no effort was made to separate them. 

We wish to thank Dr. R. S. Tipson for his kind assistance in the 
preparation of the manuscript. 
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ANALYSIS OF ROTATORY DISPERSION CURVES 
II. Configurationally Related Substituted Fatty Acids 

By P. a. LEVENE and ALEXANDRE ROTHEN 
{From the Laboratories of The Rockefeller Institute for Medical Research) 

(Received for publication, June 11,1934) 

The rotatory dispersion curves of substituted fatty acids of the types 

COOH COOH 

I I 

H—C—SH and H—C—SOJI 

I I 

R R 

have been measured in the visible and ultraviolet regions. The results are in 
harmony with the rule previously reported that in members of homologous series, 
the total rotation of consecutive members may differ in sign, but the signs of the 
partial rotations remain constant. 

The present communication deals with the analysis of the partial 
rotations of members of two configurationally related homologous 
series of substances of the following types: 

COOH COOH 

I I 

H—C—SH H—C—SO,H 

I I 

R R 

I. n. 

The members of the two series differ in the character of one substit¬ 
uent, namely, —SH and —SO,H, respectively. These two groups 
differ in their chromophoric properties and it was of interest to in¬ 
quire, first, into the direction of the partial rotations of each of these 
groups, and second, into the partial rotations of the remaining parts 
of the molecules which are identical in the members of both series. 
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A further point of inquiry was the effect of ionization of the carboxyl 
group on the partial rotations. In carboxylic acids of the type 

COOH 

I 

H—C—X 

I 

R 

(where X = any functional group) ionization of the —COOH group 
was found to produce a marked effect on the value of the rotation of 
the substance measured in the visible part of the spectrum and fre¬ 
quently to produce a change in the direction of the rotation. It was 
desired to ascertain whether the ionization of the carboxyl group has 
a similar rotational effect on the substances of the two series. 

Levene, Mori and Mikeska' have reported observations on the rota ¬ 
tions for the sodium D line of four members of the normal series of 
2-mercapto acids and of the four corresponding sulfo acids and certain 
of their salts. They found that all the members of the series of the 
mercapto acids rotate in one direction, whereas the rotations of the 
higher members of the series of sulfo acids were in the opposite sense 
from those of the lower, the change of sign occurring between the 
second and third member. On the other hand, the rotations of the 
salts of the higher mercapto acids were in the opposite direction from 
those of the lower, but the salts of the sulfo acids all rotated in the 
same direction. 

The following four acids were made the subject of the present 
investigation. 

Dextro 2-mercaptobutyTic acid (1) in its Leva monosodium salt. 

Dexiro 2-mercaptocaproic acid (1) and its Dextro monosodium and Lem> 
disodium salts. 

Dextro 2-sulfobutyric acid (1) and its Levo disodium and Levo calcium salts. 
Levo 2-sulfocaproic acid (1) and its Levo disodium salt. 

Inasmuch as interpretation of the dispersion curves depends on a 
knowledge of the absorption curves, the latter were made the subject 
of special study. 

The results of the study of the absorption and dispersion curves 
may be siunmarized as follows: 

‘ P. A. Levene, T. Mori and L. A. Mikeska, J. Biol. Chem. 76,337 (1927), 
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Absorption 
Mercapto Acids 

The absorption curves of the two mercapto acids studied exhibit a 
definite maximum at 2400A. This band can safely be attributed to 
the SH group, inasmuch as 2-mercaptobutane has an absorption band 
in the same part of the spectrum, which is, however, slightly displaced 
towards higher frequencies (as is to be expected), and yet is still in a 
region of transparency for a simple aliphatic acid. The absorption 
curves of the sodium salts are less characteristic owing to the appear¬ 
ance of a strong second band (COO~) which overlaps the SH band 
and masks its maximum (see Fig. 1). 

Sidfo Acids 

The absorption curves of the sulfo acids present a characteristic 
maximum at 2150A (see Fig. 2). This band is doubtless the first 
COOH band displaced towards lower frequencies by the proximity 
of COOH to SO3H, since we ascertained that an ordinary alkylsul- 
fonic acid (2-methylpropylsulfonic acid (1)), has practically no ab¬ 
sorption at all in that region and absorbs much less than the cor¬ 
responding aliphatic acid. 

The absorption curves of the sodium salts present a striking differ¬ 
ence. The curve is displaced towards higher frequencies by about 
150A, the maximum of the first band can no longer be seen and a con¬ 
tinuous increasing absorption is observed as the wave-length becomes 
smaller. The fact that we have two bands overlapping each other and 
not one broad band is very well demonstrated by analysis of both 
absorption and dispersion curves. The striking change in the absorp¬ 
tion is brought about by the ionization of the COOH group since the 
SO3H group is already completely ionized in the free acid, as electro¬ 
metric titration curves have shown. 

Rotation 
Mercapto Acids 

Analysis of the dispersion curves and direct dichroism measure¬ 
ments have shown that the first SH band is strongly coupled and that 
its rotatory contribution is predominant, i.e., the total molecular 
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rotation has the sign of the SH partial rotation due to anisotropy of 
the —SH band. The remainder of the rotation, the major part of 
which can be attributed to the anisotropy of the COOH group, is of 
opposite sign. 



Fig. 1. Absorption curves of the mercapto acids and their sodium salts. The 
dotted curve is calculated. 

The dispersion curves may be expressed by two dispersion terms (of 
Drude formula) of opposite sign, the dispersion constants Xi being 
practically the same for both compounds and the same being true for 
the X 2 (see Tables III and V). 

Sulfo Acids 

It was stated above that the rotations of the higher members of this 
series, beginning with the third, are of opposite sign from those of the 
lower. 

The change in sign is due not to the change in sign of the partial 
rotations of the corresponding anisotropic groups, but to the fact that 
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the absolute magnitude of the second partial contribution is greater 
than tlmt of the first for the hi^er members, as a result of which their 
dispersion is anomalous. (Dispersion curve of case 4, see Levene, 
Rbthen and Marker, reference 2, page 664.) The analysis of the dis¬ 
persion curves of the free acids shows (see Tables VIII and XI) that 
the total rotation may be expressed by two terms of opposite sign, the 



Fig. 2 . Absorption curves of the sulfo acids and their sodium salts. The dotted 
curve is calculated. 

first term having a constant of dispersion corresponding to the first 
absorption band of the carboxyl group (2120A for 2-sulfobutyric acid 
(1), 2150A for 2-sulfocaproic acid (1)). In the case of 2-sulfobutyric 
acid the second term is negative and the dispersion constant X* is less 
than zero, indicating clearly an anomalous course of this term. In the 
case of 2-sulfocaproic acid the second term is likewise negative and the 
value of Xs approaches zero, thus indicating a similar anomaly. 
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These observations are in harmony with the rule, deduced from pre¬ 
viously reported observations, to the effect that in members of homol¬ 
ogous series the total rotations of consecutive members may differ in sign 
but the signs of the partial rotations remain constants Recently, Kuhn* 
made similar observations on the configurationally related inorganic 
complex salts. 

If we consider the sulfo acids in relation to the mercapto acids, we 
see that the change SH^SOjH produces a great rotatory effect which 
in small part may be due to the ionization of the group SOsH. It may 
be mentioned, however, that the direction of the acid remains the same 
in an excess of mineral acid. The anisotropy of the carboxyl group is 
of opposite sign in the two series. In other words, the vicinal effect of 
the groups 


CnHin-l CKHin-i 

I and I 

H—C—SOJI H—C—SH 

I I 

induces opposite anisotropies in the carboxyl group. 

Salts of Mercapto Acids 

The opposite rotations observed in the visible region for 2-mercapto- 
butyric acid (1) and its salt are easily rmderstood, since the dispersion 
curve of the salt has been found to be anomalous. No change of sign 
of anisotropy occurs on passing from the acid to the salt, but only a 
decrease in the magnitude of the partial rotation of the SH group 
which for the salt becomes smaller than the second contribution for 
X>4046 6A. Although the dispersion curves of the monosodium 
salts of these acids seem distinctly different, they can be expressed 
with precision by two dispersion terms having the same constants 
Xi and X*, respectively (see Tables IV and VI). The change of sign 
between 2-mercaptocaproic acid (1) and its disodium salt is easily 
explained in the same way (see Tables V and VII). In short, the 
anisotropy of the SH band increases from the lower to the higher mem¬ 
bers of the series and is greater for the free acid than for its salts. 


* P. A. Levene, Al. Rothen and R. E. Marker, Chem. Phys. 1,662 (1933). 

* W. Kuhn and K. Bein, Zeits. f. anorg. Chem. 216, 321 (1934). 
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Salts of the Stdfo Acids 

The striking differences between the absorption of the sulfo acids 
and their salts are also found in their rotatory behavior. The dis¬ 
persion curves of the salts can be resolved into two terms of opposite 
sign, each of them being of the opposite sign to the corresponding 
term for the free acid (see Tables IX, X and XII). The constant 
Xi of the first term is about lOOA smaller than the corresponding Xi of 
the first term for the acid. It is very probable that the constants Xi 
of the acid and salt correspond to two different electronic states, de¬ 
spite the fact that they are of almost the same magnitude. 

Kuhn* arrived at analogous conclusions in a somewhat similar case 
when interpreting the dispersion curve of octyl nitrite. He assumed 
two different electronic states in the absorption band of NO 2 to explain 
two anisotropy factors of opposite sign in the same region of the 
spectrum. 

The second term is strongly dispersive (X 2 — 1924A) in contrast to 
the anomalous second term of the acid. 

Attention must be called to the fact that the dispersions of the thio 
and the sulfo acids were measured in different solvents. It is known 
that the direction of rotation of some substances changes with the 
change of solvent. However, this change was found to be due to the 
effect of the solvent on the numerical values of the individual partial 
rotations, the directions of the latter remaining unaltered.* In the 
special case of the thio-derivatives, the direction of rotation remains 
the same for both substances in ether or in water containing enough 
alcohol to effect the solution of the thio-derivatives. 

Shape of Absorption Curves 

The absorption curves of the mercapto acids, the sulfo acids and 
their salts were analyzed and it was found that they could be expressed 
by an exponential equation based on a Maxwellian distribution (as 

* W. Kuhn and H. L. Lehmann, Zeits. f. physik. Chemie B18, 32 (1932). 

* See W. Kuhn, Stereochmie of K. Freudenberg, p. 416, 1933 and Levene- 
Rothen-Meyer, Science 80,101 (1934). 



172 


ANALYSIS OF ROTATORY DISPERSION CURVES. II 


was first done by V. Henri,and since then by Knhn,* Lowry’^ and 
Others.^ In accord with the recent work of Lowrywe found that 
better agreement between experimental and calculated rotation values 
was obtained by using a wave-length scale instead of a frequency scale. 
Consequently, our absorption curves have been expressed in the wave¬ 
length scale. We give below the parameters of the absorption curves 
for the different compounds, as calculated from the equation 

(where $ = X'/l-bdS, X' is the half-width of the band and e is the molec- 

TABLE I 

Absorption Constants 


Compound 

Solvent 

*maz. 

Xo 

$ 

2-Mercaptobutyric acid (1). 

heptane 

heptane 

water 

320 

0.2410 

Bn IB 

2-Mercaptocaproic acid (1). 

345 

0.2410 


2-Sulfobutyric acid (1). 

147 

0.2120 

irfn 

Na salt of 2-sulfobutyric acid (1). 

water 

128 

0.2025 

0.0180 

2-Sulfocaproic acid (1). 

water 

172 

0.2150 

0.0180 

Na salt of 2-sulfocaproic acid (1). 

water 

128 

0.2050 

0.0180 



TABLE II 


Circular Dichroism* 


Compound 

X in A 


— <y.)Xt4lO 

Calc. 

Calc, from 
dichroism 
data 

Calc, from 
dispersion 
and absorp* 
tion data 

2-Mercaptobutyric acid (1) 

2480 

1.46 ±0.15 

1.8, 

3700° 

3600® 

2-Mercaptocaproic acid (1) 

2450 

2560 

2.10 ±0.30 
0.80 ±0.08 

2.3 

4600° 

4680® 


* See the relations between circular dichroism, anistropy factor and maximiun 
rotation of an active band, Hand- und Jahrbuch der chemischen Physik, Drehung 
der Polarisationsebene des Lichtes, von W. Kuhn und K. Freudenberg. Leipzig, 
1932, p. 79. 

® V. Henri and J. Bielecki, Phys. Zeits. 14, 516 (1913). 

* W. Kuhn and £. Braun, Zeits. f. physik. Chemie B8, 281 (1930). 

^ T. M. Lowry and H. Hudson, PhU. Trans. Roy. Soc. A232, 117 (1933). 
H. Hudson, M. L. Wolfrom and T. M. Lowry, J. Chem. Soc. 1933, 1179. 
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ular extinction coefficient as defined in the Intermtional Critical 
Tables). Wave-lengths are expressed in microns to comply with the 
usual convention adopted in polarimetry. As may be seen from Figs. 
1 and 2, only that part of the curve on the longer wave-length side of 
the origin could be observed (see Table I). 

It is interesting to note that in the case of the sodium salts of the 
two sulfo acids for which no maximum could be detected, the Xo 
which had to be chosen in order to represent correctly the first part 
of the absorption curve, had the same value as that found by dispersion 
measurements. 


Rotatory Dispersion Formulae 

According to Drude, the equation representing the rotation in the 
neighborhood of an active absorption band, has the form 


M = 


A(x»- V) 

(x» - Xo‘)* + x’*x* ■ 


The dispersion calculated from a simple term il/(X* — Xo*) fixes the 
upper limit of the rotation. The rotation as we approach X« = 
maximum rotation) increases, although it never reaches the value 
calculated from a simple term. On the other hand, the main charac¬ 
teristic of Kuhn’s* recent dispersion formula (written with a X scale 
as used by Lowry*) 


[Jf] 


m x[_ 


I 


(X-Xo)/« 


e*dx + 


e 

2(X -h Xo)_ ' 


where m is the maximum value of the term inside the bracket, is that, 
for values of X between Xo+4» and X* the rotation increases more rapidly 
than if it were following a simple Drude term. Consequently, if a 
simple Drude term is used to express a dispersion over a wave-length 
interval which goes beyond the critical value Xo44( then the value 
found for Xo is greater than the true value. We have found that, 
whenever sufficient precision was attained in the rotatory measure¬ 
ments in the neighborhood of the absorption band, Kuhn’s equation 
was more satisfactory than Drude’s. This is very well illustrated in 
Tables III and V. The figures in columns 4 are calculated from a 
formula having two Drude terms, the constant Xx of the first term being 



TABLE m 


Rotatory Dispersion of Dextro-2-Mercaptobutyrtc Acid (I) in Heptane 
Visible region: Concentration I.I 467 M, i = 20 cm. U.V. region; Concentration 
1.1467 from 3990A to 3005A, 0.1147 from 2980 to 2770, 1 5 cm from 3990A 

to 2843A, 1 cm from 2768A to 2370A. Measurements on levo form. The figures 
in the last column ([MP®o»io.) are calculated from the equation 


IM]» calc. 


0.556 X 



(x-Xo)/e 


e* dx + 


2(X + Xo) 


] 


19.578 
X» -0.043* 


0 « 3600% Xo - 0.245, 0 - 0.01537, X^ « 0.2560. 


This equation reduces for X >0.3065 to 


[M]«ealo. 


25.495s _ 19.5784 

X* - 0.060 X* - 0 . 043 ' 


X in A 

a« 

lMp> 

19.1614 13.2006 

IMP - _ Q _ 0.042 

fMPcalc. 

5892.6 

5.605 

24.440 

24.40 

24.41 

5780.1 

5.907, 

25.759 

25.75 

25.76 

5460.7 

6.947 

30.293 

30.29 

30.31 

4358.3 

14.44 

62.96 

62.91 

62.96 

4046.6 

19.19 

83.67* 

83.67 

83.59 

3990 

5.10 

88.9» 

88.64 

88.52 

3815 

6.10 

106.4 

107.5 

107.1 

3690 

7.10 

123.8 

125.3 

124.6 

3593 

8.10 

141.8 

142.8 

141.6 

3518 

9.10 

158.7 

159.2 

157.4 

3445 

10.10 

176.1 

178.3 

175.8 

3340 

12.20 

211.0 

213.2 

208.9 

3260 

14.10 

245.8 

247.9 

241.8 

3197 

16.10 

280.8 

282.3 

273.3 

3145 

18.10 

315.7 

317.0 


3098 

20.10 

350.6 

354.6 

339.1 

3005 

26.10 

455.8 

455.2 


2980 

2.80 

488 

490.5 


2950 

3.10 

541 

539.0 


2908 

3.60 

628 

621.7 

630. 

2870 

4.10 

715 

716.2 

740. 

2855 

4.35 

759 

760 


2843 

4.60 

802 

799 

825 

2770 

1.27 

cone. 

0.0115M 

1102 

1125 

1215 

2620 

0.30 

2600 


2660 

2560 

2483 

0.30 

2600 


2730 

430 

2370 

-0.29 

cone. 

0.057M 

-5100 


-4650 
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80A greater than the real value. Experimental and calculated rota¬ 
tions are in very good agreement over a considerable wave-length 
interval extending far beyond the critical value X 1 + 4 ^ but, for values of 
X approaching X^, the calculated values have no longer any significance. 
For the near ultraviolet region, the figures found in columns 5 (which 
are calculated from a two term formula the first of which is a Kuhn 

TABLE IV 

Rotatory Dispersion of Levo Monosodium Salt of 2-Mercaptobutyric Acid (1) in 
Water Containing 25 Percent CU^OH 
Concentration: 0.7043M 
Visible region: / « 20 cm 

U.V. region: / « 5 cm from 3500 to 3110,0.5 cm from 2950 to 2780. Measure¬ 
ments on dextro form. 


X in A 


IMJ* 

_ S.iso 6.264 

‘ ^ X» - 0.062 X* - 0.040 

5780.1 

-0.334 

-2.37 

-2.37 

5460.7 

-0.350 

- 2.485 

-2.46 

4358.3 

-0.225 

-1.60 

-1.52 

4046.6 

0.00 

0.00 

0.00 

3740 

-f0.15 

+4.3 

+3.45 

3610 

■fO.25 

+ 7.1 

+6.0 

3560 

-f-0.35 

+9.9 

+7.3 

3330 

+0.65 

+ 18.5 

+ 16.9 

3245 

+0.85 

+24.1 

+23.1 

3180 

+1.05 

+29.8 

+29.2 

3110 

+1.25 

+35.i 

+37.9 

2950 

+0.25 

+71 

+72.6 

2900 

+0.35 

+99 

+91.0 

2850 

+0.45 

+128 

+116.0 

2790 

+0.55 

+156 

+159.6 


term) do not check with the experimental values as well as do the 
figures in column 4, but are quite satisfactory for values of X well 
within the band. Furthermore, the value of Xi of the Kuhn term is 
very near that found from absorption measurements for the head of 
this particular band. Part of the dispersion curve of the sodium salt 
of 2-sulfocaproic acid (1) may be seen in Fig. 3 (see Table XII). 
We have chosen this particular example since it illustrates very clearly 
how two different causes can produce an apparent shift of the value of 
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TABLE V 


Rotatory Dispersion of Dextro-2-Mercaptocaproic Acid (I) in Heptane 


Visible region: concentration 0.6855M, 2 ■■ 20 cm. 

U.V. region: concentration 0.6855M from 3965A to 2703A, 0.2285M for 2665A, 
0.114M from 2585A to 2S50A, 0.0571M from 2380A to i340A, f - 5 cm from 
3965A to 2980Ay 0.5 cm from 2920 A to 2825A, 0.1 cm from 2785A to 2340A. 

The figures in column 5 are calculated from 


(Mpcalo. 


0 ^ 
0.554 X 



(X-X.)/# 


«•* dx -f 


e 


2(X 4“ Xo) 


] 


20.140 
X* -0.045 ’ 


where ^ - 4680®, Xo - 0.245, 9 - 0.0132, M - 0.255. 
This equation reduces for X >0.3000 to 


[Ml«oa,c. 


28.415 _ 20.140 

X* - 0.060 X* - 0.045* 


Xin A 

a» 

IMI« 

IMl- - 

IMPcIc. 

^ ' X* - 0.064 X» - 0.042 

5780.1 

4.662 

34 .OO 4 

33.98 

34.00 

5460.7 

5.447 

39.73 

39.73 

39.75 

4358.3 

10.93 

79.72 

79.85 

79.72 

4046.6 

14.34 

104.5. 

104.3 

104.3 

3965 

3,90 

113.1 

113.3 

112.8 

3750 

4.90 

143.0 



3590 

5.90 

172.1 

174.3 

172.4 

3482 

6.85 

199.0 



3393 

7.85 

229.0 

232.4 

228.3 

3322 

8.85 

258., 



3215 

10.85 

316., 

319.3 

310.2 

3170 

11.85 

345.7 

350.3 


3100 

13.85 

404.1 



3070 

14.85 

433., 

440.3 

420.7 

3042i 

15.85 

462.4 

472.0 

449.1 

3020 

16.85 

491.0 

501.1 


2998 

17.85 

520 .0 


474.8 

2980 

18.85 

550 .0 

560.7 

526.8 

2920 

2.30 

671 

675.7 


2868 

2.80 

817 

812.1 

803 

2825 

3.30 

948 

964.4 

965 

2785 

0.80 

1170 

1157 

1173 

2760 

0.90 

1310 

1302 

1330 

2703 

1.30 

1900 

1850 

1940 

2665 

0.60 

2620 

2470 

2500 

2585 

0.40 

3510 

6698 

3650 

2550 

0.43 

3800 


3670 

2380 

-0.28 

-4900 


-5800 

2340 

-0.40 

-7000 

i 

-6900 
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Fig. 3. Dispersion curve of the sodium salt of sulfocaproic acid. The dotted 
curve is calculated. 


TABLE VI 

Rotatory Dispersion of Dextro Monosodium Salt of 2-Mercaptocaproic Acid (J) in 
Water Containing 30 Percent CHiOH 


Concentration: 0.3106M 
Visible region: / « 20 cm 
U.V. region: /-5cm 


Xin A 

a» 

IMP 

|W».^ 5-7« _ 3.8« 

X« - 0.062 X« - 0.040 

5780.1 


+8.11 

+8.11 

5460.7 

+0.S87 

+9.45 

+9.51 

4358.3 

+1.21 

+19.5 

+19.4 

4045.6 

+1.59 

+25.6 

+25.6 

3700 

+0.60 

+38., 

+37.2 

3450 

+0.85 

+54., 

+52.5 

3330 

+1.10 

+70., 

+63.7 
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TABLE VII 

Rotatory Dispersion of Levo Disodium Salt of 2-Mercaptocaproic Acid (I) in Water 
Containing 20 Percent CH^OH 
Concentration: 0.236M 
Visible region: / « 20 cm * 

U.V. region: / » 5 cm 


X in A 1 

a» 

[Ml* 

5780.1 

-0.244 ' 

-5.17 

5460.7 

-0.269 

-5.70 

4358.3 

-0.255 

-5.40, 

4046.6 

-0.15 

-3.18 

3480 

+0.35 

+30 

3350 

+0.60 

+51 


TABLE VIII 

Rotatory Dispersion of Dextro 2-Sulfobutyric Acid (i) in Water 
Concentration: 0.8630M 
Visible region: / = 40 cm 

U.V. region: / « 5 cm from 3670A to 283SA, / = 1 cm from 2620A to 2S35A 
Measurements on levo form. 


X in A 

a» 

IMF 

„ . 3.0656 _ 2.173J 

^ ^ X*-0.045 X* +0.030 

5875.6 

1.535 

4.446 

4.419 

5780.1 

1.600 

4.635 

4.635 

5460.7 

1.894 

5.486 

5.486 

4358.3 

3.89 

11.27 

11.27 

4046.6 

5.04 

14.60 

14.60 

3670 

0.90 

20.8 

21.0 

3580 

1.00 

23.2 

23.1 

3500 

1.10 

25.5 

25.3 

3280 

1.45 

33.6 

33.2 

3160 

1.70 

39.4 

39.1 

3050 

2.00 

46.3 

46.2 

2975 

2.25 

52.1 

52.1 

2900 

2.55 

59.1 

59.3 

2835 

2.80 

64.9 

67.0 

2620 

0.90 

104 

107.6 

2585 

1.00 

116 

118.0 

2535 

1.10 

127 

136.1 
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TABLE IX 

Rotatory Dispersion of Levo Disodium Salt of 2-Sulfobutyric Acid (/) in Water 
Concentration: 0.6S17M. 

Visible region: 1 •• 40 cm 

U.V. region: / - 5 cm from 3450 to 2522A, 0.5 cm from 2500 to 2370A, 0.1 cm 
for (2335 and) 2320A. 

Measurements on dextro form. The figures m the last column are calculated 
from the equation 


0.562 XL Jo 2(X + Xo) J ^ X* -O.l 

X^ =« 0.219, 


[M]*»ealo. 

0 « 5140 ^ 


6 ^ 

037 ‘ 


Xo « 0.2025, 


e - 0.0180. 


for X >0.2750 this equation reduces to 


[Ml“ 


36.039g 28.640 

X»-0.041 X*-0.037* 


X in A 

a« 

(MI» 

fMr -- 

IM1» 

^ * Mlo. 

X» - 0.05385 

5892.6 

-6.605 

-25.337 

-25.333 

-25.369 

5780.1 

-6.9236 

-26.560 

-26.560 

-26.560 

5460.7 

-7.947 

-30.486 

-30.417 

-30.486 

4358.3 

-14.26 

-54.70 

-54.61 

-54.70 

4046.6 

-17.63 

-67.63 

-67.63 

-67.64 

3780 

-2.70 

-82.9 

-83.5 

-83.2 

3680 

-2.95 

-90.S 

-91.1 

-90.8 

3585 

-3.20 

-98.2 

-99.5 

-98.8 

3510 

-3.45 

-105.9 

-107.2 

-106.2 

3445 

-3.70 

-113.5 

-114.6 

-113.2 

3330 

-4.20 

-128.9 

-130.3 

-128.0 

3235 

-4.70 

-144.2 

-146.3 

-142.9 

3155 

-5.20 

-159.6 

-162.7 

-157.8 

2840 

-8.80 

-270.1 

-277.7 

-253.0 

2745 

-10.80 

-331.4 

-345.7 

-302.4 

2680 

-12.80 

-392.8 

-413.5 


2620 

-15.60 

-478.7 



2595 

-16.80 

-515.0 


-492 

2540 

-19.80 1 

-607.6 


-598 

2522 

-20.70 

-635.3 


-644 

2500 

-2.30 

-705.8 


-706 

2480 

-2.55 

-782.6 



2455 

-2.80 

-859 


-862 

2418 

-3.30 

-1013 


-1038 

2398 

-3.80 

-1166 



2370 

-4.40 

-1350 


-1384 

2320 

-1.00 

-1535 


-1834 







180 


ANALYSIS or ROTATORY DISPERSION CTOVES. II 


TABLE X 


Rotatory Dispersion of Levo Calcium Salt of 2-Sulfobutyric Acid (1) in Water 
Concentration: 0.33076M, visible region / « 40 cm, U.V. region / » 10 cm 
from 3980 to 2520A, 5 cm for 2340 and 2320A, 0.1 cm for J270 and 2250A. 
Measurements on dextro form. 

The figures in the last column are calculated from the equation 


IM]» 


0.562 X 


L 


(X-Xo)/« 


e**dx + 


$ 

2(X + Xo)^ 


+ 


32.355 
X* -0.037 ‘ 


<t> = 5760°, X^ « 0.2190, Xo « 0.2025, 0 = 0.0180. 


for X >0.2750 this equation reduces to 


40.346 32.355 

X* - 0.041 X* - 0.037 


Xin A 

a» 

5780.1 

-3.804 

5460.7 

-4.367 

4358.3 

-7.85 

4046.6 

-9.72 

3980 

-2.55 

3670 

-3.30 

3540 

-3.80 

3410 

-4.30 

3300 

-4.80 

3220 

-5.30 

3155 

-5.80 

3045 

-6.80 

2965 

-7.80 

2896 

-8.80 

2830 

-9.80 

2753 

-11.80 

2688 

-13.80 

2600 

-17.80 

2565 

-19.80 

2540 

-21.80 

2520 

-23.80 

2340 

-2.80 

2320 

-3.30 

2270 

-0.70 

2250 

-0.80 


IMP 



-77.1 

-99.8 

-114.9 

-130.0 

-145.1 

-160.2 

-175.3 

-205.6 

-235.8 

-266.0 

-296.3 

-356.7 

-417.2 

-538.1 

-598.6 

-659.1 

-719.5 

-1690 

-1995 

-2120 

-2420 


«0476 

■ X» - 0.0542 


-28.75 

-28.75 

-32.98 

-33.36 

-59.29 

-59.33 

-73.47 

-73.42 

-77.2 

-77.2 

-100.0 

-99.4 

-113.2 

-112.1 

-129.7 

-127.8 

-147.1 

-138.4 

-162.7 

-158.4 

-177.5 

-171.9 

-209.0 

-199.4 

-238.8 

-224.6 

-271.3 

-250.8 

-311.0 

-372.9 

-446.1 

-281.2 

-534 

-611 

-670 

-723 

-1800 

-2200 

-2600 

-2775 
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Xi towards lower frequencies. The rotation from S892.6A to 2822A of 
this salt, as well as that of the corresponding sulfobutyric acid, may 
be expressed within less than 0.5 per cent by one Drude term. The 
value of the apparent Xi is 2186A, which is 136A higher than the value 
found from absorption measurements. This shift is due to our hav¬ 
ing neglected a second term of opposite sign. Now, for values of X 
smaller than the critical value Xo+ 4 « the dispersion becomes still greater 
and X] seems shifted still further towards lower frequencies. This 
second shift is produced because the rotation increases according to a 
Kuhn term and not a Drude term. In fact, the dispersion curve may 

TABLE XI 

Rotatory Dispersion of Levo 2-Sulfocaproic Acid (/) in Water 


Concentration: 0.6830M, visible region / = 40 cm, U.V. region / 10 cm for 

3560 and 3270A, 5 cm, for 3450A, 1 cm for 2700A, 0.1 cm for 2400A. 


Xin A 


IMF 

3.0626 6.5309 

* X*-0.0462 X* - 0.007 

5892.6 

-2.465 

-9.023 

-9.022 

5780.1 

-2.548 

-9.326 

-9.328 

5460.7 

-2.809 

-10.282 

-10.275 

4358.3 

-3.93 

-14.38 

-14.39 

4046.6 

-4.26 

-15.59 

-15.61 

3560 

-1.10 

-16.1 

-16.5 

3450 

-0.53 

-15.5 

-16.2 

3270 

-1.00 

-14.6 

-14.9 

2700 

-{-0.20 

-{-2.9 

-fl5.6 

2400 

-1-0.22 

-1-32 

-M02.2 


be fairly well represented by two terms of opposite sign, the first one 
being a Kuhn term with a value Xi equal to that found from absorption 
measurements. 

Circular Dichroism 

In the case of the mercapto acids, measurements of circular dichro¬ 
ism were made by the method used by Kuhn.® Because of experi¬ 
mental difficulties, our results are not very accurate. However, the 
order of magnitude of the circular dichroism found for the SH band 

* W. Kuhn and E. Braun, Zeits. f. physik. Chemie B8, 445 (1930). 



TABLE XII 


Rotatory Dispersion of Levo Disodium Salt of Z-Sidfocaproic Acid (1) in Water 
Concentration: 0.2572M, visible region / -• 40 cm, U.V. region / 10 cm 

from 3790 to 2520A, 1 cm from 2520 to 23SOA, 0.1 cm for 2270. 

The figures in the last column are calculated from the relation. 


IMP - - ^ 




A. 

0.562 

^ - 5290% - 0.2210, 

for X >0.2770 this expression reduces to 


(X-Xo)/tf 


e**dx + 


Xo < 


2(X 4- Xo) 
0.2050, 


] 


21.271 


\« -0.037 ■ 

e - 0.0180. 



[M]“ - 

37.437 

21.271 


“ X* - 0.042 

^ X« - 0.037 

X in A 

a» 

(Ml* 

fM]* — - 16.197 

IMpeiilo. 

X* - 0.04778 

5892.6 

-5.560 

-54.04 


-54.09 

5780.1 

-5.820 

-56.57 


-56.57 

5460.7 

-6.649 

-64.63 

-64.68 

-64.69 

4358.3 

-11.725 

-113.97 

-113.93 

-113.97 

4046.6 

-14.37 

-139.7 

-139.7 

-139.7 

3790 

-4.35 

-169.1 

-169.0 

-168.8 

3720 

-4.60 

-178.8 

-178.8 

-178.6 

3600 

-5.10 

-198.3 

-198.0 

-197.7 

3490 

-5.60 

-217.7 

-218.8 

-218.3 

3410 

-6.10 

-237.2 

-236.4 

-235.6 

3327 

-6.60 

-256.6 

-257.5 

-256.4 

3265 

-7.10 

-276.0 

-275.4 

-273.9 

3150 

-8.10 

-314.9 

-314.8 

-312.5 

3055 

-9.10 

-353.8 

-355.6 

-352.7 

2980 

-10.10 

-392.7 

-394.8 

-389.2 

2920 

-11.10 

-431.6 

-432.1 

-424.6 

2868 

-12.10 

-470.4 

-469.8 

-460.0 

2822 

-13.10 

-509.3 

-508.4 

-495.8 

2761 

-15.10 

-587.1 

-569.3 


2702 

-17.10 

-664.8 

-642.0 


2625 

-21.10 

-820.4 

-766.7 

-805 

2590 

-23.10 

-898.1 



2567 

-25.10 

-975.9 


-940 

2541 

-27.10 

-1053.6 



2520 

-29.10 

-1131.4 



2520 

-2.90 

-1128 


-1110 

2504 

-3.10 

-1205 



2487 

-3.40 

-1322 



2460 

-3.70 

-1438 


-1395 

2445 

-4.10 

-1594 



2415 

-4.60 

-1788 


-1720 

2390 

-5.10 

-1983 


1954 

2365 

-5.60 

-2177 



2350 

-6.10 

-2372 


2390 

2270 

-0.70 

-2720 


3330 
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is quite in accord with the maximum partial rotation contributed 
by that band as calculated from the dispersion curves. Our results 
are siunmarized in Table II. 

EXPERIMENTAL 

Compounds 

The compounds were obtained by the methods previously described 
by Levene, Mori and Mikeska,i with the exception of 2-sulfobutyric 
acid (1) which was prepared and resolved according to Backer.** 

All the compounds were carefully analyzed. Titrations indicated 
that the mercapto acids were at least 99.8 percent pure. The analyses 
of the sulfo acids were performed on their Ba salts.*** 

Apparatus 

The instruments described in a previous article^ were used to deter¬ 
mine the rotatory dispersions in the visible and the ultraviolet regions. 

** The values of the molecular rotations given are not to be taken as maximum 
rotations since no attempt was made to resolve the compounds to the maximum, 
hence no special precaution was taken to determine precisely the absolute rotations, 
as the main purpose of this work was to obtain accurate dispersion measurements. 
However, the ratio of the rotations of the acids to those of their respective salts 
must be considered as characteristic of the compounds, since the same source of 
material was used to determine the dispersion of the acids and their salts. Backer 
and Boer [H. J. Backer, J. H. de Boer, Rec. trav. chim. 43, 297 (1924)] had pre¬ 
viously resolved 2-sulfobutyric acid (1). The value they obtained for the maxi¬ 
mum rotation of the calcium salt was [M ]5892 = —25.3®, as compared to our own 
value [M ]^®6892 “ -27.46®. (Their value has been recalculated from their own 
function [M\ =* /(c) for the concentration at which we made our measurements.) 
The dispersion data given by these authors for a short wave-length interval are 
in accord with our own measurements. We determined accurately the following 
ratio 

[ifp678oi Ba salt /: ^oo 

--;-— =« — 0.28 , 

[3/]" 678 oi acid 

which is not in accord with the value —3.27® recorded by Backer. Furthermore, 
the dispersion of this acid as given by Backer is completely different from our 
own curve. These discrepancies induced us to repeat our measurements but we 
found that our results were readily duplicated. 

*** We are indebted to Dr. G. M. Meyer of this department for the preparation 
of a sample of 2-mercaptobutyric acid (1). 
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The same general procedure was followed and the same precision is 
claimed. Absorption measurements were carried out with a Hilger 
sector photometer in conjunction with a Hilger quartz spectrograph 
model E316. 

Unless otherwise indicated, wave-lengths are ciicpressed in microns 
in all formulae employed. 



[Reprinted from The Journal of Biological Chemistry, October, 1934, Vol. 107, 

No. 1, pp. 75-83] 


XYLOSEPHOSPHORIC ACIDS. II 

By P. a. LEVENE and ALBERT L. RAYMOND 

{From the Laboratories of The Rockefeller Institute for Medical 

Research) 

(Received for publication, July 10, 1934) 

In a previous communication^ we reported the fact that on phos¬ 
phorylation of a product which was believed to be 5-benzoyl 
monoacetone xylose, the only product isolated after hydrolysis was 
5-xylose phosphate. Moreover, methylation of this same benzoyl 
derivative led to a mixture of 3-methyl and 5-methyl xylose.’ 
Experiments were cited which indicated the benzoyl compound to 
be homogeneous,’ thus suggesting a migration either of the benzoyl 
group prior to phosphorylation, or of the phosphoryl group during 
removal of the acetone and benzoyl groups. The problem there¬ 
fore became that of establishing, if possible, the stage at which 
migration occurred. 

For this purpose it was decided first to confirm the essential 
homogeneity of the benzoyl monoacetone xylose, and second to 
make renewed attempts to prepare derivatives of xylose substi¬ 
tuted in position (3), with isolation, if possible, of the intermediates 
and determination of their structure. 

In order to confirm the belief that the 5-benzoyl monoacetone 
xylose was homogeneous, a once crystallized preparation was tolyl- 
sulfonated and the product was carefully fractionated. Some un¬ 
changed starting material was recovered and, after deducting this, 
the yield of pure 3-tolylsulfo 5-benzoyl monoacetone xylose was 86 
per cent of the theoretical. Of the remaining 14 per cent, about 8 
per cent was accounted for by impure fractions of unchanged 
starting material and of chlorine-containing syrup. No evidence 

^ Levene, P. A., and Raymond, A. L., J, Biol, Chem,, 102, 347 (1933); the 
first paper of this series. 

* Levene, P. A., and Raymond, A. L., J, Biol. Chem.y 102, 331 (1933). 

* Levene, P. A., and Ra 3 Hnond, A. L., J . Biol, Chem.j 102, 317 (1933). 
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was obtained for the presence of the isomerip S-tolylsulfo 3-benzoyl 
monoacetone xylose in any fraction. On the basis of this evidence 
it is wairanted to assume that the benzoyl monoacetone xylose 
is practically homogeneous. 

For the second objective stated above, the preparation of deriv¬ 
atives of xylose substituted in position (3), recourse was had to the 
5-benzylcarboxy monoacetone xylose previously described. To 
correlate definitely the position of the benzoyl group and the 
benzylcarboxy group in these derivatives, the tolylsulfo benzyl- 



10 20 30 40 30 

Time in hours 

Fia. 1. Glycoside formation on 3-methyl and S-p-tolylsulfo xylose 


carboxy monoacetone xylose was prepared, the benzylcarboxy 
group was removed catalytically, and the product benzoylated. 
The resultant tolylstilfo benzoyl monoacetone xylose was identical 
with that prepared by tolylsulfonation of the benzoyl monoacetone 
xylose. Inasmuch as only the mildest conditions were employed, 
the possibility of rearrangements during these reactions would 
seem to be minimal. 

The benzylcarboxy tolylsulfo monoacetone xylose was next 
hydrolyzed to remove both the benzylcarboxy and the acetone 
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groups, and a crystalline tolylsulfo xylose was secured. In 
experiments on glycoside formation two glycosides, typical in 
character, were observed, confirming the allocation of the tolyl¬ 
sulfo group to position (3). It is interesting to note (Fig. 1) 
that although the form of the curves is identical, both the di¬ 
rection and the magnitude of the changes are different in 3-tolyl- 
sulfo and in 3-methyl xylose. 

Here, therefore, we have a case in which the only product iso¬ 
lated is the 3-substituted xylose, which would be normally ex- 



Fio. 2. Rato of phosphorus hydrolysis in phospho xyloses 

pected. It was hoped that 3-phospho xylose might be prepared 
analogously, and the 5-benzylcarboxy monoacetone xylose was 
therefore phosphorylated, the acetone removed by acid hydrolysis, 
and the benzylcarboxy group by catalytic hydrogenation. The 
isolated phospho xylose was again apparently that with the sub¬ 
stituent in position (5). 

Because of the small optical changes observed during glycoside 
formation of the 3-tolyIsulfo xylose, it was considered possible 
that the phospho xyloses described on the basis of glycoside forma- 
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tion as 5-phospho derivatives were really substituted in position 
(3) and that the optical changes were so small as to be overlooked. 
The rate of acid hydrolysis of the various phospho xyloses was 
therefore compared, the inorganic phosphate being determined 
colorimetrically. The results are given in Fig. 2, from which it 
may be seen that the 3-phospho 5-methyl monoacetone xylose 
(in which the phosphoric acid is certainly attached to carbon (3)} 
has a rate of hydrolysis entirely different from that of any of the 
other esters. Thus it is evident that the migration of the phos- 
phoryl group occurs in the case of xylose with great ease. This 
peculiarity may be attributed to the fact that in the case of xylose 
the hydroxyl groups in positions (3) and (5) are located in close 
proximity, a fact revealed by the study of the structural model as 
already pointed out by Haworth.* It seems not unlikely that such 
changes occur through a bridge of the ortho tjrpe, as indicated 
below, although no experimental evidence has been secured for this 
assumption. 


HOCH- 

HOCH-i 

HOCH-1 

1 

HO HCOH 

1 

HCOH 

1 

HCOH 

\ 1 0 —» ( 

-^ 1 0 
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1 
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' % / HC-1 

HO HC-1 
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\ 1 

HOiCHi 

/ ^0—CH, 

0=P—O—CH, 


HO 

/ 


HO 

It may be mentioned that an attempt was made to prepare the 
3-phospho xylose through the trityl monoacetone xylose but that 
it was unsuccessful. A further attempt vdll be made to prepare 
the compound with d-benzyl monoacetone xylose as an inter¬ 
mediate. 


EXPERIMENTAL 

Tolylsu3jonation of B-Bemoyl Xylose —50 gm. of cr 3 r 8 talline, but 
not reciystallized, 5-benzoyl xylose were dissolved in 150 cc. of 
dry pyridine and 36 gm. of p-toluenesulfo chloride were added. 


* Haworth, W. N., The constitution of sugars, London, 51 (1929). 
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The mixture was shaken to dissolve the chloride and was then left 
overnight at room temperature. 5 cc. of water were addedi and 
after 30 minutes at room temperature the product was isolated 
in the manner previously described. The dried chloroform solu¬ 
tion was concentrated under reduced pressure to a syrup which 
was dissolved in ether and cooled. Pentane was added to tur¬ 
bidity, and the mixture was seeded. The material obtained was 
recrystallized similarly, the mother liquors from the two crystalli¬ 
zations being combined. Reworking these mother liquors afforded 
three additional crops of crystals and a residue which was dried 
under reduced pressure to a viscous syrup. 

Repeated crystallization of the combined fractions from various 
solvents finally gave 69.7 gm. of pure 3-tolylsulfo 5-benzoyl mono¬ 
acetone xylose (m.p. 94-95^; [a]f = -64.4® to -64.8® (CHCI3)); 
3.0 gm. of pure imchanged starting material (m.p. 83-84®; [a]^ = 
-i-5.5® (CHCI3)); 2.9 gm. of impure starting material = 

— 6.2® (CHCI3)); and 3.6 gm. of a syrup which was found by 
analysis to contain both sulfur and chlorine. In addition, 1.2 
gjn. of product were lost during the manipulations. Assuming the 
impure 5-benzoyl monoacetone xylose recovered above to be 80 
per cent pure, the yield of 3-tolylsulfo 5-benzoyl monoacetone 
xylose is 86 per cent of the theoretical, with 5.4 gm. of impure 
material towards the remaining 14 per cent. No evidence was 
secured for the presence of any of the isomeric 3-benzoyl 5-tolyl- 
sulfo monoacetone xylose, although all the end-fractions were 
carefully examined for its presence. 

S^Tolylsulfo BSenzylcarhoxy Monoacetone Xylose —10 gm. of 
5-benzylcarboxy monoacetone xylose were dissolved in 50 cc. of 
pyridine and 6.5 gm. of 2 >-tolylsidfonyl chloride were added. The 
mixture was shaken until the chloride dissolved and was kept in 
the warm room (at 40®) overnight. The solution was cooled, 2 cc. 
of water were added, and after 30 minutes at room temperature, 
more water was added. The product was extracted with chloro¬ 
form, washed with dilute sulfuric acid, and dried with sodium 
sulfate. The dry extract was concentrated imder reduced pres¬ 
sure to a syrup which was dissolved in warm ether. On cooling, 
the product crystallized immediately. The crystals were filtered 
off and a second crop was obtained by adding pentane and re- 
oooling. The yield in two crops was 11.3 gm. or 77 per cent of the 
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theoretical, and 2.0 gm. of crude cr 3 rstalline material were secured 
by evaporating the mother liquors. The pure fractions were 
three times recrystallized from 95 per cent alcohol, and the product 
thus secured melted at 128J-129J®. It had a rotation of [a]S* = 

—25.0® (in chloroform). 

2 X 2. 036 

The composition agreed with that of a tolylsulfo benzylcarboxy 
monoacetone pentose. 

4.450 mg. substance: 9.450 mg. CO, and 2.160 mg. H,0 

0.1036 “ “ : 0.478 gm. BaSO, 

CmH„ 0,S. Calculated. C 57.72, H 5.48, S 6.70 
478.3 Found. “ 57.92, " 5.44, " 6.34 

The substance is very soluble in acetone and chloroform; quite 
soluble in benzene and ethyl acetate; almost insoluble in cold, but 
soluble in hot ether, methyl or ethyl alcohol, hexane, and heptane. 
It is very slightly soluble in hot or cold pentane or water. 

S-Tolylsulfo 6-Bemoyl Monoacetone Xylose from S-Tolylsulfo 
6-Bemylcarboxy Monoacetone Xylose —5 gm. of 3-tolylsulfo 5-ben- 
zylcarboxy monoacetone xylose were suspended in 55 cc. of 95 per 
cent alcohol, approximately 1 gm. of Raney’s nickel catalyst was 
added, and the mixtiu'e was hydrogenated at a pressure of 45 
pounds per sq. inch, with shaking, for 4 hours. The catalyst was 
filtered off, and the filtrate concentrated under reduced pressure 
to a syrup and distilled with toluene to remove traces of water. 
It was dissolved in 40 cc. of dry pyridine, cooled in ice, and 1.33 cc. 
of benzoyl chloride (1.1 moles) were added. The mixture was 
allowed to stand overnight at room temperature, and the product 
was isolated as usual. The dried chloroform extract was con¬ 
centrated under reduced pressure to a syrup which was dissolved 
in ether. After cooling, pentane was added to faint turbidity 
and the mixture was seeded. In this way there was obtained, in 
two crops, a total of 4.2 gm. of slightly sticky material. After 
one recrystallization from methyl alcohol it was substantially 
pure 3-tolylsulfo 5-benzoyl monoacetone xylose, m.p. 93J-94J®. 
Mixed melting point with an authentic sample, 94-95®; [a]“ = 
—64.6® (CHCU). The yield of pure product was 3.1 gm. or 66 
per cent of the theoretical. 

3-TolylsvJfo Xylose —10 gm. of 3-tolylsulfo 5-benzylcarboxy 
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monoacetone xylose were sxispended in 100 cc. of dry methyl 
alcohol and 3 cc. of barium methylate solution (1.3 n) were added. 
The mixture was shaken 15 minutes until dissolved and was then 
left at room temperatwe for 4 hours. It was concentrated under 
reduced pressure to a syrup and dissolved in 30 cc. of glacial acetic 
acid. 60 cc. of water and 10 cc. of 5 n sulfuric acid were added 
and the mixture heated for 2 hours at 80®. Without cooling, a 
solution of the equivalent quantity (6.3 gm.) of barimn acetate was 
added and the mixture filtered. The filtrate was concentrated 
under reduced pressure to about half its original volume, filtered 
with charcoal, and further concentrated. Over calcium chloride 
in a vacuum desiccator the syrup crystallized spontaneously. The 
yield of crude crystalline product was 5.6 gm. or 88 per cent of the 
theoretical. The product was twice recrystallized from isobutyl 
alcohol and then melted at 123-124® and had a rotation, in abso¬ 
lute alcohol, of [a]” = ~^o ^ (^nA^ = 4-40.2®. A 2 per cent 

solution, in water, had specific rotations of +27.1® (1.5 minutes 
after dissolving), 25.8® (3 minutes), 19.8® (10 minutes), 15.9® (15 
minutes), 14.0® (20 minutes), 12.6® (26 minutes), 10.6® (35 min¬ 
utes), 9.6® (52 minutes), and 9.4® (4 hours). 

The composition agreed with that of a tolylsulfo pentose. 

4.725 mg. substance: 8.210 mg. COj and 2.250 mg. H 2 O 

8.765 “ : 6.630 “ BaS04 

C 11 H 16 O 7 S. Calculated. C 47.34, H 5.30, S 10.54 
304.2 Found, 47.40, “ 5.33, " 10.39 

The substance is quite soluble in water and very soluble in 
methyl and ethyl alcohol, but is fairly insoluble, even at the boiling 
point, in acetone, ethyl acetate, chloroform, ether, benzene, pen¬ 
tane, hexane, and heptane. It reduces Fehling's solution strongly 
on warming. 

Glycoside Formation of S’-Tolylsulfo Xylose —A 0.0344 m solution 
of 3-tolylsulfo xylose in methyl alcohol containing 0.5 per cent of 
dry hydrogen chloride was used for glycoside formation at room 
temperature and at 76®, the technique previously described* being 
used. The specific rotations are plotted in Fig. 1, in which the 

* Levene, P. A., Raymond, A. L., and Dillon, R. T., J. Biol, Chem,, 95, 
699 (1932). 
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curves for 3-methyl xylose are included for comparison. It will 
be observed that although the types of the curves are identical, 
the magnitude of the rotation changes is far smaller in the case 
of the tolylsulfo derivative and the changes are opposite in direc¬ 
tion in the two cases. 

Phospho Xylose from 5-Bemylcarhoxy Monoacetone Xylose —To 
35 cc. of cold (—40°) dry pyridine were added 4 cc. of phosphorus 
oxychloride and then, in one portion, a solution of 13 gm. of 6- 
benzylcarboxy monoacetone xylose in 50 cc. of cold (—30°) 
pyridine. The mixture was well stirred and then kept for 2 hours 
in an ice-salt bath. It was recooled to — 30° and water was added, 
drop by drop, until no further heat evolution occurred. Water 
was added and the mixture was concentrated under reduced pres¬ 
sure until the pyridine was nearly all removed. 

60 cc. of glacial acetic acid and 7.2 cc. of 5 n sulfuric acid were 
now added and the mixture diluted to a volume of 180 cc. It was 
heated at 80° for 1 hour and then cooled in ice. Freshly prepared 
silver acetate, in dilute acetic acid, was added until the halide was 
removed, the mixture was filtered, and the residue washed with 
acetic acid. The filtrate was treated with hydrogen sulfide and 
then aerated. The calculated quantity of barium acetate (4.9 gm. 
of the monohydrate) was added, and the mixture filtered with 
charcoal. The filtrate was concentrated imder reduced pressure 
and evaporated with addition of water until but little acetic acid 
remained. It was diluted to about 200 cc. and a solution of 
neutral lead acetate was added until precipitation was complete. 
The precipitate was washed several times with dilute acetic acid, 
and then with water until acid-free. 

The lead salt was suspended in water and decomposed with 
hydrogen sulfide, filtered, refiltered with charcoal, and the filtrate 
concentrated to about 200 cc. About 5 gm. of Raney’s nickel 
catalyst were added and the mixture hydrogenated overnight 
under a pressure of about 45 pounds per sq. inch. Toluene was 
formed, as indicated by the odor. The catalyst was filtered off 
and washed with water. The filtrate and washings were com¬ 
bined and cooled, barium hydroxide solution was added to about 
pH 5.6, and the solution was concentrated under reduced pressure 
to a voliune of about 50 cc. It was made alkaline (about pH 8.2) 
by addition of barium hydroxide, filtered with charcoal, and pre- 
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cipitAtcd with 3 to 4 volumes of Acetone. The precipitAte was 
centrifuged off, washed successively with 60 per cent acetone, 
acetone and ether, and dried over phosphorus pentoxide. The 
yield was only 1.4 gm. 

The composition agreed fairly well with that of the barium salt 
of a pentose phosphate. 

4.780 mg. substance: 28.075 mg. ammonium phosphomolybdate (Pregl) 

10.415 ‘‘ “ : 5.885 “ BaS04 

CftHgOgPBa. Calculated. P 8.50, Ba 37.59 
365.5 Found. 8.53, 33.25 

Rates of Hydrolysis of Xylosephosphoric Esters —An amount of 
the barium salt of the respective ester to contain 5.00 mg. of 
phosphorus was dissolved in 50 cc. of 1 n hydrochloric acid. Por¬ 
tions of this solution were sealed in tubes and heated in the steam 
bath. The barium salts of the esters employed were: (a) 3-phos- 
pho 5-methyl monoacetone xylose, ( 6 ) the ester from 5-benzoyl 
monoacetone xylose, (c) the esters from 5 -benzylcarboxy mono¬ 
acetone xylose, (d) the esters secured by phosphorylating 7 -methyl 
xyloside, and (e) the ester obtained by phosphorylating mono- 
acetone xylose. 

The sealed tubes were heated for varying lengths of time, cooled, 
and opened. The inorganic phosphorus was determined colori- 
metrically by the method of King,® a photoelectric colorimeter 
being employed for the comparisons. The acid present in the 
samples was compensated for by adding an exactly equal amount 
to the calibration standards. 

The results are given in Fig. 2, from which it will be seen that 
with the ester in which the phosphorus is definitely situated in posi¬ 
tion ( 3 ) the rate of hydrolysis is much greater than in the case of 
any of the others. 

• King, E. J., Biochem, J., 26, 292 (1932). 
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THIO SUGARS 

By albert L. RAYMOND 

{From the Laboratories of The Rockfeller Institute for Medical Research) 
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The generally accepted biological significance of substances 
containing a thiol group is sufficient justification for undertaking a 
detailed study of the thio sugars. Only one naturally occurring 
thio sugar in which the thio group is attached to a carbon atom in 
other than the reducing position is known. This is a thiomethyl 
pentose which is a component of an adenine nucleoside occurring 
in yeast. Two papers appeared almost simultaneously on the 
structure of this sugar; Suzuki, Odake, and Mori^ assigned to the 
sugar the structure of a 5-thiomethyl aldopentose, whereas Levene 
and Sobotka^ regarded it as a 3- or 4-thiomethyl ketopentose. 
Neither of these theories appears to have been adequately tested, 
and further investigation was suggested by Dr. Levene. 

In view of the scarcity of the material, the synthetic method of 
approach seemed most promising. The theory of Suzuki et al. 
is particularly susceptible of investigation by this method, for 
there are only four possible 5-thiomethyl aldopentoses of either 
series (d- or i!-) and these would give only two osazones. Thus their 
theory requires that the osazone of the natural sugar be identical 
with the osazone of 5-thiomethyl xylose (lyxose) or 5-thiomethyl 
ribose (arabinose). 

The synthesis of 5-thioethyl and 5-thiomethyl xylose was ac¬ 
complished by heating 5-tolylsulfo monoacetone xylose with the 
potassium salt of ethyl or methyl mercaptan, followed by hydro¬ 
lysis of the acetone derivative to the nicely crystalline alkylthio 
xyloses. By analogy with 5-methyl xylose in method of prepa¬ 
ration, these compoimds would be expected to have the thio 

^ Suzuki, V., Odake, S., and Mori, T., J. Agric, Chem, Soc, Japan^ 2, 1 
(1924); Biochem, Z,, 104, 278 (1924), 

* Levene, P. A., and Sobotka, H. H., J, Biol. Chem., 66 , 551 (1925). 
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groups attached to carbon atom (5) and this assumption was 
confirmed by examination of the glycoside formation. The 
formation of only one glycoside, of the typical y type, was indicated. 
The substances may therefore be designated 5-thiomethyl and 
5-thioethyl xylose. They rapidly reduce Fehling^s solution on 
warming, and reduce it slowly at room temperature. Since the 
only ring form in which they can exist is the furanose, it is interest¬ 
ing that these free sugars are so nicely crystalline. 

The synthetic 5-thiomethyl xylose differed from the natural 
sugar in that it was crystalline, had a different specific rotation, 
and gave a phenylosazone which differed in melting point and 
optical properties from the osazone of the natural thiomethyl 
pentose. Thus, 5-thiomethyl xylose, 5-thiomethyl lyxose, and 

5- thiomethyl-2-ketoxylose (or -lyxose) are definitely excluded as 
possible structures for the natural sugar. 

On attempting to apply these same methods to the p-tolylsulfo 
2,3-monoacetone methylribofuranoside described by Levene and 
Stiller,® the reaction apparently followed a different course and 
after hydrolysis only a small amoimt of a syrupy reducing sub¬ 
stance was obtained. From this material, however, there was 
prepared a nicely crystalline p-bromophenylosazone of correct 
composition. In its properties this substance also differed from 
the corresponding osazone of the natural sugar. Had the structure 
of the syrupy material been definitely established, then position 
(5) would have been excluded for the allocation of the thiomethyl 
group in the natural sugar. An attempt was therefore made to 
prepare 5-thiomethyl ribosazone in a manner that would assure 
its structure. Since the osazone of 5-thiomethyl arabinose would 
be identical with that of 5-thiomethyl ribose, it would serve equally 
well, but unfortimately no derivatives of arabinose which permit 
substitution in position (5) are easily available. For this reason 
attention was directed to the possibility of preparing 6-thiomethyl 
glucose wdth a view to degrading it to 5-thiomethyl arabinose. 
The 6-thiomethyl glucose was in fact prepared (from 6-p-tolylsulfo 
monoacetone glucose) and its structure was confirmed by glucoside 
formation, which was analogous in type to that of glucose and of 

6- methyl glucose. The degradation of this derivative to the 
arabinose compound has not as yet been completed. 

• Levene, P, A., and Stiller, E. T., J, Biol, Chem,^ 106, 421 (1934). 
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Because of the further possibility that, in the naturally occurring 
thio sugar, the thiomethyl group might be attached in a position 
other than (5), attention was directed to the development of meth¬ 
ods for the introduction of thio groups into such positions. The 
only previous work along this line is that of Freudenberg, who 
synthesized 3-thiomethyl glucose by isomerizing the xanthate; but 
this method would be difficult to extend to the substances which we 
desired to synthesize. In view of the fact that 2-bromo-i9-methyl- 
glucoside has been shown to give 3-amino-jS-methylglucoside on 
treatment with ammonia, it was hoped that the 3-thiomethyl 
derivatives might be synthesized analogously. In preliminary 
experiments, 2-bromo-methylglucoside was treated with potassium 
methyl mercaptan, giving a thiomethyl hexoside. However, on 
hydrolysis to the free reducing hexose, it was found that an osazone 
could not be prepared. Though negative evidence is open to 
question, it is felt that the experiments were convincing in this 
regard, and that the thiomethyl group is in all probability attached 
to carbon atom (2). From the mother liquors of the thiomethyl 
hexoside preparation, an isomeric, non-crystalline material was iso¬ 
lated by acetylation and distillation. On hydrolysis to the re¬ 
ducing hexose, this material was likewise found to yield no osa¬ 
zone, again indicating substitution in position (2). 

In connection with the work on the synthetic thio sugars, their 
behavior toward oxidizing agents was studied because of its bearing 
on the possible keto structure of the natural sugar. It was found 
that the 5-thiomethyl monoacetone xylose, in which the aldehyde 
group was protected against oxidation, was practically non-reduc¬ 
ing in the Lehmann-Maquenne determination, indicating no 
oxidation of the thio group by this reagent. In the Willstatter 
determination, on the other hand, exactly 1 atom of oxygen was 
used, indicating quantitative oxidation of the CH3S — to CH3SO . 
The free thiomethyl xylose required 1.92 atoms of oxygen in the 
Willstatter oxidation so that both aldehyde and thio groups are 
almost quantitatively oxidized. In the Lehmann-Maquenne 
determination the free thio sugar used 1.39 atoms of oxygen, 1 
mg. of the thio pentose being equivalent to 0.42 mg. of glucose. 

EXPERIMENTAL 

d-Thioethyl Monoacetone Xylose —12 gm. of 5-p-tolylsulfo mono¬ 
acetone xylose and 6.0 gm. (2 moles) of dry sodium ethyl mercap- 
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tan were added to 70 cc. of dry acetone and sealed in a Pjrrex 
flask body. The mixture was heated in the boiling water bath for 
2 hours, cooled, and opened. Without filtering, the mixture was 
concentrated imder reduced pressure, water beipg added from time 
to time to keep the sodium toluenesulfonate in solution. The 
aqueous solution was extracted with 600 cc. of chloroform in three 
portions, the extract washed with dilute, ice-cold sulfuric acid, and 
then three times with ice water. The chloroform extracts were 
dried with sodium sulfate and concentrated under reduced pressure 
to a thick syrup. This was dissolved in hot hexane and cooled 
in a solid carbon dioxide-alcohol bath. The product crystallized 
on stirring. It was washed with cold hexane and air-dried. By 
reworking the mother liquors a second crop was secured, the total 
yield of air-dry material being 6.1 gm. or 75 per cent of the theo¬ 
retical. The product was three times recrystallized from hexane 
and it then melted at 66§-67J‘’ and had a rotation, in absolute 
alcohol, of 




-2,35° X 100 
2 X 2.04 


-57.6° 


The composition agreed with that of a thioethyl monoacetone 
pentose. 

4.585 mg. substance: 8.600 mg. COi and 3.100 mg. HjO 

8.164 “ “ : 8.030 “ BaS04 

7.585 “ “ : 7.570 “ Agl 

CioHi»0«S. Calculated. C 51.24, H 7.76, S 13.69, OCjH, 19.21 
234.2 Found. “ 51.15, “ 7.67, “ 13.50, “ 19.14 

The substance is very soluble in methyl or ethyl alcohol, ether, 
acetone, ethyl acetate, and chloroform; fairly soluble in hot water, 
boiling heptane, or hexane; little soluble in boiling pentane; and 
almost insoluble in water, heptane, hexane, and pentane in the 
cold. 

6-Thioethyl Xylose —2 gm. of 5-thioethyl monoacetone xylose 
were added to 40 cc. of 1 n H 2 SO 4 and the mixture was heated at 
50“ with frequent shaking imtil dissolved (about 1 hour). The 
solution was then heated to 80“, maintained at this temperature for 
2 hours, cooled, and shaken with an excess of barium carbonate. 
The mixture was filtered and the filtrate evaporated to dryness in a 
vacuum desiccator over phosphorus pentoxide. The product 



A. L. RAYMOND 


199 


crystallized spontaneously. It was extracted several times with 
boiling ether, leaving a small syrupy residue, which was discarded. 
The ether solutions were concentrated to a small volume and 
cooled. On seeding and stirring, the product crystallized. A 
second crop was obtained from the mother liquors, the yield of 
crystalline material being 1.4 gm. or 84 per cent of the theoretical. 
The material was recrystallized from ether in the same manner and 
then melted at 81-82® and had a rotation, in absolute alcohol, of 




-1.69° X 100 
2 X 2.00 


-42.2° 


3 minutes after dissolving and was unchanged after 2 hours. 
The rotation, in water, was 


„ +1.20° X 100 

“ “ “ 2 X 2.012 


+29.8° 


1 minute after dissolving, +20.6® (2 minutes), +17.1® (3 minutes), 
+16.4® (5 minutes), +15.4® (10 minutes, 20 minutes, and IJ 
hours). 

The composition agreed with that of a thioethyl pentose. 

4.030 mg. substance: 6.450 mg. COi and 2.710 mg. HjO 

10.840 “ “ : 12.820 “ BaSO« 

8.471 “ “ : 9.495 “ Agl 

C 7 HUO 4 S. Calculated. C 43.26, H 7.27, S 16.51, OCjHj 23.17 

194.2 Found. “ 43.65, “ 7.53, " 16.24, “ 21.48 

The substance is very soluble in water, methyl or ethyl alcohol, 
chloroform, and acetone. It is fairly soluble in hot ether or ethyl 
acetate, but not very soluble in the cold. It is very little soluble 
even at the boiling point, in heptane, hexane, or pentane. 

B-Thiomethyl Monoacetone Xylose —16 gm. of 5-p-tolylsulfo 
monoacetone xylose, 7.6 gm. (2 moles) of dry potassium methyl 
mercaptan, and 75 cc. of dry acetone were heated, in a sealed flask, 
in the boiling water bath for 4 hours. The subsequent procedure 
was the same as for the ethyl derivative. The washed, dried 
chloroform extracts were concentrated under reduced pressure to a 
syrup which was dissolved in hexane. The product crystallized 
immediately and was filtered off and washed with hexane. By 
reworking the mother liquors, two additional crops of material 
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were secured, the total weight of air-dry substance being 7.2 gm. 
(75 per cent of the theoretical). The product was recrystallized 
from hexane containing 8 per cent of ethyl acetate, and then twice 
recrystallized from hexane containing 5 per cent of ethyl acetate. 
The material then melted at 91^-92° and had a rotation, in 
absolute alcohol, of 


MS 


-2.20° X 100 
2 X 2.04 


-63.9® 


The composition agreed with that of a thiomethyl monoacetone 
pentose. 

5.244 mg. substance: 9.500 mg. COa and 3.480 mg. HaO 

10.912 “ “ : 11.522 “ BaSO« 

6.990 “ “ : 7.580 “ Agl 

CaHiaOiS. Calculated. C 49.05, H 7.33, S 14.66, OCH, 14.07 
220.2 Found. “ 49.41, “ 7.43, “ 14.60, “ 14.32 

The solubilities of the substance are similar to those of the 
corresponding ethyl derivative. 

6-Thiomethyl Xylose —2 gm. of 5-thiomethyl monoacetone xylose 
were added to 40 cc. of 1 n HsS 04 , heated to 50°, and shaken fre¬ 
quently until dissolved (about 30 minutes). The subsequent 
treatment was the same as for the thioethyl derivative. The yield 
of crude crystalline product was 1.4 gm. (85 per cent of the theo¬ 
retical) . The product, twice crystallized from ether, had a melting 
point of 74-75°. The rotation, in absolute alcohol, was 


W? 


-0.46° X 100 
2 X 1.0 


-23.0° 


3 minutes after dissolving and —39.0° at equilibrium. In water 
it was 


„ -1-1.45° X 100 

“ ° “ 2 X 1.992 


-1-36.4° 


1 minute after dissolving, 27.8° at 2 minutes, 22.8° at 3 minutes, 
22.6° at 4^ minutes, 22.1° at 6 minutes, 20.6° at 9 minutes, 24 min¬ 
utes, and 3 hours. 

The composition agreed with that of a thiomethyl pentose. 
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6.018 mg. substance: 7.370 mg. COj and 3.100 mg. HjO 

7.220 “ “ : 9.200 “ BaSO« 

6.390 “ “ : 6.740 “ Agl 

C.H 1 JO 4 S. Calculated. C 39.96, H 6.72, S 17.79, OClIj 17.20 
180.4 Found. “ 40.06, “ 6.92, “ 17.67, “ 16.61 

The solubilities of the substance are similar to those of the 
corresponding thioethyl derivative. 

6-Thi<methyl Xylosazone —0.5 gm. of crude crystalline 5- 
thiomethyl xylose was dissolved in water and 1.0 cc. (3.3 moles) 
of phenylhydrazine dissolved in 1 cc. of glacial acetic acid was 
added. The mixture was heated on the steam bath for 2 hours 
and cooled. The osazone was filtered off, washed with methyl 
alcohol, and then recrystallized from methyl alcohol. The final 
material was a felt of coarse lemon-yellow needles. The compo¬ 
sition corresponded to that of a thiomethyl pentosazone. 

4.712 mg. substance: 0.633 cc. N (23° and 766 mm.) 

7.400 “ “ : 4.730 mg. BaSO^ 

CuHjjOiSNi. Calculated. N 16.65, S 8.94 
368.3 Found. “ 15.62, “ 8.78 


The product sintered slightly at 151® and melted without de¬ 
composition at 162-163®. The rotation in pyridine-absolute 
alcohol (2; 3 by volume) was 


[alS 


-0.17° X 100 ^ 
0.5 X 1.036 


2 minutes after dissolving, and —21.2® at equilibrium. The 
osazone from the natural product was reported by Levene and 
Sobotka® as having an initial rotation in the above solvent of -1-6® 
and -f-7® at equilibrium. A newly prepared sample of the osazone 
of the natural product was found to melt at 160—161® and to have a 
mixed melting point with the osazone of the synthetic material of 
143-145®. Thus there can be no doubt as to the non-identity of 
the two osazones. 

Glycoside Formation an 6-Thiomethyl and B-Thioethyl Xylose — 
The method and technique were those previously employed, the 
glycoside formation being conducted at room temperature and at 
76®. The results are plotted in Fig. 1, 5-methyl xylose being 
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included for comparison. It will be seen that in all cases only one 
glycoside appears to be formed and that this is of the typical 7 
type. 



Fig. 1, Glycoside formation on 6-thiomethyl, 5-thioethyl, and 5-methyl 
xylose. 


Table I 

Oxidation Equivalents of S-Thiomethyl Xylose and 6-Thiometkyl Monoacetone 

Xylose 


Method 

Substance 

Amount of sub¬ 
stance 

1 

2 

a 

d 

1 

1 

i 

Atoms 0 per 
mole 

Glucose equiva¬ 
lent to 1 mg. 
thio sugar 

Lehmann- 

Thiomethyl xylose 


cc. 

1.22 



Maquenne 

u 

“ monoacetone xylose 

60.7 




Willst&tter 

“ xylose 

31.8 

6.76 

1.92 


u 

“ monoacetone xylose 

60.7 

4.63 

1.00 
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Oxidation Determinations —The thiomethyl xylose and its 
monoacetone derivative were used for oxidation determinations 
by both the Lehmann-Maquenne and Willstatter methods. The 
results are given in Table I. 

6-Thiomethyl Monoacetone Glucose —45 gm. of 6-tolylsulfo 
monoacetone glucose and 22 gm. of dry potassium methyl mer¬ 
captan were added to 200 cc. of dry, peroxide-free dioxane, and 
sealed in a Pyrex flask body. The mixture was shaken overnight 
at room temperature and was then heated in the steam bath, with 
occasional shaking, for IJ hours. The mixture was cooled, the 
bulb opened, and considerable ether was added. The precipitate 
was filtered oflf and extracted several times with boiling ether. 
The ethereal filtrate and extracts were combined, concentrated 
under reduced pressure to a small volume, and part of the dioxane 
was distilled off. 800 cc. of ether were added to the residue, the 
solution filtered with charcoal, and concentrated under reduced 
pressure to a syrup. This was distilled (at about 0.1 mm.), the 
boiling point being 140-155°. Four fractions (total weight 23.3 
gm.) were obtained and of these the third crystallized sponta¬ 
neously. When this was used for nucleation, all the fractions 
crystallized to a hard mass; but recrystallization from a solvent 
has not as yet been effected. The second fraction had a rotation, 
in absolute alcohol, of 




-0,16° X 100 
2 X 2.282 


-3.5' 


and the last fraction, in the same solvent, a rotation of —7.6°. 

The composition of the product agreed with that of a thiomethyl 
monoacetone hexose. 


4.498 mg. subatance: 7.920 mg. CO 2 and 2.810 mg. H»0 
7.180 “ “ : 6.648 “ BaSOi 

5.840 “ “ : 5.485 “ Agl 

CioHiiOtS. Calculated. C 47.96, H 7.25, S 12.81, OCH| 12.39 
250.2 Found. “ 48.02, “ 7.00, « 12.72, « 12.40 

6-Thiomethyl Glucose—5 gm. of 6-thiomethyl monoacetone glu¬ 
cose were added to 30 cc. of 1 n sulfuric acid, the mixture warmed 
and shaken until dissolved, and then heated at 80° for 2 hours. 
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The solution was cooled, the sulfuric acid neutralized with barium 
carbonate, and the filtrate concentrated imder reduced pressure 
to a syrup. Despite repeated attempts, crystallization of this 
syrup has not as yet been effected. It strongly reduced hot 
Feliling’s solution. 

1 gm. of this syrup was heated on the steam bath with 3 
moles of p-bromophenylhydrazine and acetic acid, and the osazone 
which formed was filtered off. A second crop was secured by 
heating for a further time and then cooling in the refrigerator. 
The combined material was extracted twice with hot methyl alco¬ 
hol in which the osazone is practically insoluble. It was then a 
felt of beautiful, yellow needles. It darkened, on rapid heat¬ 
ing, at 177° and melted at 184-185°. The rotation, in pyridine- 
absolute alcohol (3:2 by volume) was 


[cc] 


n 

D 


--0.24** X 100 
0.5 X 1.00 


2 minutes after dissolving, and —16® at equilibrium after 5 hours. 

The composition agreed with that of a bromophenylosazone of 
a thiomethyl hexose. 

4.600 mg, substance: 7,060 mg. CO 2 and 1.650 mg. HjO 

6.299 “ : 0,564 cc. N (at 27® and 759.5 mm.) 

Ci 9 HjaO,N 4 Br 2 . Calculated. C 41.75, H 4.06, N 10.26 
546.1 Found. “ 41.86, “ 4.02, “ 10.19 

Glucoside Formation on 6-Thiomeihyl Glucose —The method and 
technique were identical with those for the xylose derivative. 
The results are plotted in Fig. 2, 6-methyl glucose being included 
for comparison. 

Thiomethyl Methylhexoside from 2-‘Bromo-^-Methylglucoside 1 — 
Bromine was added to triacetylglucal, and the bromo sugar con¬ 
verted to the glucoside, substantially as described by Fischer et aL* 
The first form crystallized in good yield, was recrystaUized, and 
deacetylated. 

30 gm. of dry, recrystallized 2-bromo-methylglucoside I and 16 
gm. of dry potassium methyl mercaptan were added to 350 cc. of 
dry acetone and sealed in a Pyrex flask body. This was heated in 

* Fischer, E., Bergmann, M., and Schotte, H., Ber. chem, Ge«., 53, 509 
(1920). 
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the steam bath for 5 hours, cooled, and opened. The insoluble 
material was filtered off and washed several times with hot acetone, 
the combined acetone solutions were concentrated as far as pos¬ 
sible, and considerable chloroform was added. The mixture was 
boiled for several minutes and filtered hot. The residue was 
washed with hot chloroform, and the combined solutions were 
concentrated under reduced pressure to a syrup. This material 



Time in houos 

Fiq. 2. Glucoside formation on 6-thiomethyl and 6-methyl glucose 

crystallized spontaneously on standing. It was triturated with 
acetone to remove the syrupy fraction and the crystalline material 
which remained weighed, on drying, 8.6 gm. It was recrystallized 
from 45 volumes of hot acetone. After two recrystallizations it 
had a melting point of 128^-129^ and a rotation, in water, of 

-a ---- ■« —52.0 

^ ” 2 X 1.988 
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The composition agreed with that of a thiomethyl methyl- 
hexoside. 

4.600 mg. substance: 7.220 mg. COa and 2.930 mg. HsO 
9.150 : 69.505 “ BaS04 

5.470 : 10.970 Agl 

CsHieOiS. Calculated. C 42.82, H 7.19, S 14.30, OCH, 27.65 
224.2 Found. 42.81, ‘‘ 7.13, « 14.28, ‘‘ 26.48 

A portion of this material was hydrolyzed with 1.7 n hydro¬ 
chloric acid until the rotation became constant. The solution 
was not very strongly reducing and no osazone was formed on 
heating with either phenylhydrazine or 2 >-bromophenylhydrazine. 
The non-crystalline mother liquors resulting from the isolation 
of the thiomethyl methylhexoside were combined, acetylated, and 
distilled imder greatly reduced pressure. The syrup was deacety- 
lated and hydrolyzed with hydrochloric acid until the rotation 
became constant. The solution was slightly reducing but no 
osazone was obtained on heating with either phenylhydrazine or 
p-bromophenylhy drazine. 



[Reprinted from the Journal of the American Chemical Society, September, 1934, 
Vol. 66, No. 9, pp. 2008“2(X)9] 


ISOBUTYRYLFORMIC ACID PHENYLHYDRAZONE 

By LYMAN C. CRAIG 

(^From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, June 28, 1934) 

In an earlier paper^ we have reported the isolation of isobutyryl- 
formic acid from the reaction mixture which results on treatment of 
ergotinine with aqueous alkali. The phenylhydrazone of the ketonic 
acid was prepared for final identification. Although the analytical 
figures obtained with this derivative were satisfactory, its melting 
point (152°) proved to be higher than that recorded in the literature 
(128°2 and 143°^). In order to clear up this discrepancy, we have 
since prepared the phenylhydrazone of synthetic isobutyrylformic 
acid. The latter melts at 152°, thus confirming our observation on 
the substance obtained from ergotinine. A mixed melting point 
showed no depression. 

The method of synthesis was essentially that reported by 
Tschelinzeff^ with a slight variation in the method of hydrolysis of the 
intermediate isobutyryl cyanide. It was found necessary to heat the 
cyanide on the steam-bath for two hours in 1:1 hydrochloric acid in 
order to effect hydrolysis. The hydrolysis mixture was extracted 
with ether, the ether extract dried with sodium sulfate and evaporated 
to a sirup. If this sirup is used to prepare the hydrazone it does not 
crystallize. However, if the sirup is shaken with a little water, in 
which it is not completely soluble, and the aqueous layer used to pre¬ 
pare the hydrazone, the product crystallizes nicely. Repeated re¬ 
crystallizations from dilute alcohol failed to raise the melting point 
above 152°. 

Anal. Calcd. for CnHi 402 N 2 : C, 64.08; H, 6.84; N, 13.59. Found: C, 64.15; 
H, 6.74; N, 13.66. 

(1) W. A. Jacobs and L. C. Craig, /. Biol. Chem., 104, 547 (1934). 

(2) D. Tscbtschenke, Bull. soc. chim., [4] 37, 623 (1925). 

(3) E. Abderhalden and E. Rossner, Z. physiol. Chem., 163, 261 (1926). 

(4) W. Tschelinzeff and W. Schmidt, Ber.^ 62, 2210 (1929). 
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XXXI. Further Studies on the Dehydrogenation of 
Strophanthidin 

By ROBERT C. ELDERFIELD and WALTER A. JACOBS 
{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, July 23, 1934) 

In a recent preliminary note^ of our later studies of the dehydro¬ 
genation of strophanthidin with selenium we briefly reported the 
formation of Diels^ hydrocarbon, methylcyclopentanophenan- 
threne, thus confirming a similar observation made by Tschesche 
and Knick^ with a derivative of another cardiac aglucone, dian- 
hydrouzarigenin. In the present paper we wish to describe these 
experiments more fully with resulting conclusions. We shall 
refer the reader to the prelhninary note for the historical points. 

In the first work of Jacobs and Fleck,* which yielded a sub¬ 
stance that appeared to be a dimethylphenanthrene, C 18 H 14 , a 
procedure had been used which in preliminary trials with choles- 
teryl chloride had given the Diels hydrocarbon, CigHie, without 
difficulty. In this procedure the mixture of strophanthidin and 
selenium was heated in a P 3 rrex flask furnished with an outer 
jacket containing mercury refluxing at ordinary pressure. 

The temperature at which the dehydrogenation occurred was 
thus 350-360®, or possibly somewhat higher if superheating had 
occurred. In the present work a much stricter control of tem¬ 
perature conditions has been observed by the use of a potassium 
sodium nitrate bath equipped with a thermometer. Under the 
conditions given in the experimental part and at a final tempera¬ 
ture of 320-340®, the Diels hydrocarbon has been obtained without 
difficulty from the reaction mixture. Its identity has been con- 

1 Elderfield, R. C., and Jacobs, W. A., Science, 79, 279 (1934). 

* Tschcsche, R., and Knick, H., Z. physiol. Chem., 222, 58 (1934). 

* Jacobs, W. A., and Fleck, E. E., J, Biol. Chem., 97, 57 (1932). 
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firmed by preparation of the picrate, trinitrobenzene, and trini¬ 
trotoluene addition compounds. Further, on oxidation with 
chromic acid no quinone was obtained. The possibility that the 
CisHu hydrocarbon of Jacobs and Fleck mi^ht be contained in 
the mother liquors or fractions other than those which gave the 
Diels hydrocarbon was then considered. However, oxidation 
experiments with various fractions of the hydrocarbons failed to 
yield any of the previously described quinone obtained from the 
CieHu hydrocarbon. 

The problem, therefore, remained of reconciling the earlier 
described production of the CieHu hydrocarbon with our failure 
to obtain any appreciable quantities of this substance in the later 
work which gave the Diels hydrocarbon. The thought naturally 
occurred that the discrepancies might be explained by the differ¬ 
ences in the temperatures at which the dehydrogenation was 
carried out as well as in the rates of heating and rates of addition 
of the selenium in the two cases. That such factors can affect 
the course of dehydrogenation, with consequent variation in the 
products obtained, has been shown by the work of Ruzicka and 
coworkers on the dehydrogenation of cholic acid and the sterols.* 
To check such possibilities, other experiments were performed. 

Strophanthidin was heated rapidly at 340-360® without addition 
of selenium imtil decomposition had substantially ceased and a 
quiet melt had been produced. Excess selenium was then added 
and the mixture was heated for 32 hours at this temperature. 
After fractional distillation and prolonged fractional crystalliza¬ 
tion, only a very small amoimt of hydrocarbon melting at 123-124® 
was obtained. This substance did not appear homogeneous under 
the fluorescent microscope and on treatment with picric acid 
gave an imhomogeneous picrate which melted neither sharply 
nor constantly. Upon oxidation of the hydrocarbon a very small 
quantity of quinone was obtained. In this case the yield of crys¬ 
talline hydrocarbons was much smaller than in the experiment 
which gave the Diels hydrocarbon readily. 

Finally, strophanthidin was mixed with excess selenium and 
rapidly heated to 340-360®. This temperature was maintained 
for 32 hours. In this case, after distillation the total jdeld of 

* Ruzicka, L., Thomann, G., Brandenberger, E., Furter, M., and Gold¬ 
berg, M. W., Uelv. chim. acla, 17, 200 (1934). 
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hydrocarbons which crystallized was strikingly large and amounted 
to about one-half of the weight of strophanthidin taken. Re¬ 
peated fractional crystallization gave at least four different 
hydrocarbons. 

The most insoluble fraction melted constantly at 295-297®. 
The analytical figures were in good agreement with those required 
by a C 21 H 16 hydrocarbon. It is barely possible that this hydro¬ 
carbon is a cyclopentanotriphenylene. This might be formed by 
a pyrolytic synthesis involving preliminary condensation of the 
aldehyde group of the strophanthidin molecule on the a-carbon 
atom of the lactone side chain, to form an intermediate cyclo- 
pentene ring and subsequent dehydrogenation. The new methyl- 
cyclopentene ring could subsequently rearrange to a benzene ring. 
However, this can be presented at the moment as a mere con¬ 
jecture. Such a synthesis is represented in the accompanying 
formulas. 




From the more soluble fractions, hydrocarbon material which 
melted at 120-121® was obtained. From this substance on oxida¬ 
tion a small quantity of quinone was obtained. However, on 
treatment with trinitrobenzene approximately one-half of the 
quantity of hydrocarbon used could be isolated as the trinitro¬ 
benzene derivative of Diels^ hydrocarbon. Attention was thus 
concentrated on the most soluble hydrocarbons still remaining 
in the mother liquor of the above hydrocarbon fraction. From 
these, by fractional crystallization of the picrates and regeneration 
from them of the hydrocarbons, it has been possible to isolate two 
substances. The first hydrocarbon gave analytical figures corre¬ 
sponding to C 16 H 14 and melted at 123-124®. It formed a rusty 
orange picrate melting at 140-141®. On oxidation, a quinone 
was obtained which melted at 208—209® and which with o-phe- 
nylenediamine gave a quinoxaline melting at 150®. The second 
hydrocarbon also gave analytical figures corresponding to CieHu. 
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It melted at 127®, forming a yellow-orange picrate melting at 
126-127®, and a trinitrobenzene compound melting at 151-153®. 
On oxidation of the very small amoimt available, a quinone was 
obtained which melted at 203-205®, which in tpm gave a quin- 
oxaline, the melting point of which reached 168-171® after several 
recrystallizations. However, at this point, exhaustion of material 
prevented further recrystallization. 

Unfortunately, owing to the limited amount of material avail¬ 
able and the large losses involved in the separation of such complex 
mixtures of substances possessing similar physical properties, 
the quantities of hydrocarbons finally obtained were so small that 
a complete characterization of their quinones and quinoxalines 
could not be achieved. The results reported are, therefore, not 
final. SuflBlcient information has, however, been gathered to show 
that under these conditions of dehydrogenation there are formed 
along with the Diels hydrocarbon, at least two other substances 
possessing very close physical resemblances to it. These may 
perhaps be provisionally regarded as dimethyl- or ethylphe- 
nanthrenes. In the earlier work of Jacobs and Fleck the sub¬ 
stance there reported was apparently a mixture of these three 
hydrocarbons, and, on preparation of derivatives, naturally the 
most insoluble one was obtained in each case. 

An explanation for the varying products obtained in the dehydro¬ 
genation of strophanthidin would seem to be found in the order 
and manner in which the various hydroxyl groups are removed 
at the beginning of the reaction, since the work of Ruzicka and 
Thomann® has shown that, when once formed, Diels’ hydrocarbon 
appears to resist the further dehydrogenating action of selenium. 

The production of Diels’hydrocarbon by the dehydrogenation of 
strophanthidin and dianhydrouzarigenin leads to the conclusion 
that, in so far as the formation of this substance may be considered 
characteristic of the reduced cyclopentanophenanthrene ring ssrstem 
of the sterols, bile acids, etc., the cardiac aglucones appear to be 
built on this same system. Whether Diels’ hydrocarbon is always 
a primary product, or whether it can also be the result of pyrolytic 
rearrangements, is a question which must be left for future work. 
Although the so called CieHw hydrocarbons may be regarded as 

* Ruzicka, L., and Thomann, G., Helv. chim. acta, 16, 226 (1933). 
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homoIoguBs of phenanthrene, their formation would first have to 
be proved to be of primary character before the presence of a 
phenanthrene nucleus in the strophanthidin molecule can be 
regarded as conclusively proved. 

Uzarigenin contains a methyl group in the position occupied 
by the aldehyde group of strophanthidin, and these groups have 

been shown to be attached to a ^CH group of a six-membered 

ring. The synthetic work of Cook and Haslewood,* Haworth, 
Mavin, and Sheldrick,^ Harper, Kon, and Ruzicka® would indicate 
that while quaternary methyl groups are eliminated during the 
course of dehydrogenation, those directly attached to a single 
ring appear to be much more stable. The ultimate fate, there¬ 
fore, of this aldehyde carbon atom of strophanthidin becomes of 
interest. For since this methyl group is attached to a six-mem¬ 
bered ring, then the expected dehydrogenation product should be 
a dimethylcyclopentanophenanthrene and not Diels^ hydrocarbon. 
However, the production of the former substance has not been de¬ 
tected. The apparent elimination, therefore, of the aldehydic car¬ 
bon atom in strophanthidin (or methyl group of uzarigenin) during 
the course of its dehydrogenation does not, however, cause serious 
difficulty, since recent work of Haworth et aU has demonstrated 
possible migration of substituents during such reactions. The 
necessity is quite evident for caution in the interpretation of the 
results of dehydrogenation experiments performed at high tem¬ 
perature. 

Further, on the mere chance that in spite of accumulated evi¬ 
dence to the contrary, the aldehyde group of strophanthidin might 
be situated on a five-membered ring, and therefore the source of 
the methyl group of Diels* hydrocarbon, a study was made on one 
of its derivatives from which this particular carbon atom could 
first be removed. This substance is isostrophanthic acid which 
loses this carbon atom (carbon atom (1)) as CO 2 upon thermal 

• Cook, J. W., and Haslewood, G. A. D., J. Chem. Soc,, 428 (1934), and 
earlier papers. 

» Haworth, R. D., Mavin, C. R., and Sheldrick, G., /. Chem. Soc., 454 
(1934), and earlier papers. 

•Harper, S. H., Kon, G. A. R., and Ruzicka, F. C. J., /. Chem. Soc., 
124 (1934), and earlier papers. 
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decomposition.* Isostrophanthic acid after such preliminary 
thermal decomposition was heated at 320-340° with selenium for 
33 hours. From the reaction mixture the only apparently pure 
substance isolated was a hydrocarbon (CmHm ?) melting at 140- 
142°, which was further characterized by its tftnitrobenzene addi¬ 
tion product. From the mixtures with melting points near that 
of the CigHi* or “CwHu*' hydrocarbons no pure substance could 
be obtained after more than 250 recrystallizations. The results 
of this work were, therefore, inconclusive in so far as evidence 
of the formation of cyclopentanophenanthrene is concerned. 

EXPERIMENTAL 

Dehydrogenation of Strophanthidin Leading to Diels’ Hydrocarbon 
—150 gm. of strophanthidin and 30 gm. of selenium were placed 
in a long necked flask equipped with a ground-in tube for sweeping 
the interior with nitrogen to facilitate the removal of water. The 
flask was heated in a potassium and sodium nitrate bath. During 
the first 6 hours the temperature was gradually raised to 320° 
with further addition of selenium in 30 gm. portions at 2 hour 
intervals. The temperature was then maintained at 320-340° 
for an additional 26 hours, with gradual addition of more selenium 
in portions until a total of 220 gm. had been added. The contents 
of the flask were finely powdered and extracted with ether in a 
Soxhlet apparatus. After removal of the ether, the extracted tar 
was distilled at 1 mm. and cuts were taken as follows: 

Fraction I, below 170°, 5 gm.; Fraction II, 170-210°, 6 gm.; 
Fraction III, 210-240°, 47.3 gm.; Fraction IV, 240-275°, 13.7 gm. 
None of these fractions crystallized on standing in the refrigerator. 
Fraction III was redistilled at 0.2 mm. and the following cuts 
were taken. 

Fraction Ill-a, below 195°, 17.8 gm.; Fraction Ill-b, 195-220°, 
15 gm. Fraction Ill-a, deposited crystals on standing in the 
refrigerator, but Fraction Ill-b remained a glossy resin. Fraction 
Ill-a was converted into the picrate in ethereal picric acid and 
evaporated to diyness. After extraction of the residue with petro¬ 
leum ether, the undissolved picrates were decomposed with NaaCOj 
and the hydrocarbons thus obtained were fractionally reciystal- 


' Jacobs, W. A., and Collins, A. M., J. Biol. Chetn., 61, 399 (1924). 
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lized from alcohol according to the triangle scheme. After about 
forty-five crystallizations, a fraction of 500 mg. was obtained, 
which melted at 125—126“ (corrected). Further recrystallization 
failed to change the melting point. Under the fluorescent micro¬ 
scope the substance exhibited a strong blue fluorescence and ap¬ 
peared to be contaminated with but a trace of material possessing 
a lavender fluorescence (CwHu ?). It yielded no quinone on 
oxidation. 

CuHu. Calculated. C 93.10, H 6.89 
Found. “ 93.12, “ 7.06 
“ 92.98, “ 7.11 

The picrate was prepared in alcoholic picric acid. It formed 
yellow-orange needles which melted at 118-119“ after recrystal¬ 
lization from alcoholic picric acid. 

C,4H„0,N,. Calculated. C 62.44, H 4.16 
Found. “ 62.07, “ 4.01 

The trinitrobenzene compovmd was prepared in alcoholic solu¬ 
tion and formed yellow needles which melted at 148-150“ after 
recrystallization from alcohol. 

C, 4 Hi,O.N,. Calculated. C 64.69, H 4.31 
Found. " 64.40, " 4.07 

The trinitrotoluene compound formed yellow needles from 
alcohol and melted at 93-94“. 

C,6H,iOeN,. Calculated. C 65.34, H 4.61 
Found. “ 65.60, “ 4.57 

The higher boiling fractions furnished but very small amounts of 
crystalline hydrocarbons. 

Oxidation experiments with chromic acid on lower melting 
hydrocarbon fractions obtained from the mother liquors of Diels’ 
hydrocarbon yielded but traces of possible quinones and in 
amounts too small for investigation. A similar experience was 
encountered with the higher boiling crystalline hydrocarbon 
fractions. 

Dehydrogenaiion of Strophanthidin after Preliminary Decom¬ 
position —75 gm. of strophanthidin were heated as rapidly as 
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possible to 340-360® in a flask of the type described above. After 
decomposition and frothing had ceased, a quiet melt remained. 
90 gm. of selenium were then added>and the mixture was held at 
320-^40® for 32 hours. After being worked up as in the preceding 
experiment, the mixture was distilled at 0.2 mm. and the following 
fractions were taken: Fraction I, up to 175®, 1.7 gm.; Fraction II, 
175-200®, 7.0 gm.; Fraction III, 200-225®, 7.5 gm.; Fraction IV, 
225-260®, 6.02 gm.; residue, 25 gm. Fraction II crystallized 
for the most part on standing in the refrigerator. The others 
remained viscous oils or varnishes. The crystalline material was 
worked through the picrate and the regenerated hydrocarbon was 
fractionally crjrstallized from alcohol according to the triangle 
scheme. After about 50 recrystallizations a small fraction melted 
constantly at 123-124®. On oxidation a very small amount of 
quinone was formed. The picrate melted neither sharply nor 
constantly at 128-130® and the trinitrobenzene compound melted 
at 150-152®. The substance was apparently a mixture of hydro¬ 
carbons, but the quantity available was too small for proper 
investigation. From the higher boiling hydrocarbons no crystal¬ 
line material could be isolated. 

Dehydrogenation of Strophanthidin Leading to Diels’ Hydrocarbon 
and the CuHu (?) Hydrocarbons —80 gm. of strophanthidin were 
intimately mixed with 120 gm. of selenium and the mixture was 
heated to 340® as rapidly as possible (20 minutes). The tem¬ 
perature of the bath was maintained at 340-360® for 32 hours. 
After extraction of the residue with ether, the mixture of hydro¬ 
carbons was distilled at 0.2 mm. and cuts were taken as follows: 
Fraction I, up to 150®, 0.4 gm. of oil; Fraction II, 150-215®, 21.6 
gm. (crystallized on standing); Fraction III, 215-280®, 7.3 gm. 
(crystallized on standing); residue, 12 gm. Fraction II was re¬ 
distilled at 0.2 mm. After discarding a slight oily fore-run, cuts 
were taken as follows: Fraction Il-a, 170-185®, 15 gm.; Fraction 
Il-b, 185-215®, 4.5 gm. Fraction Il-a was converted into a 
picrate, and after extraction of the latter with petroleum ether, 
the hydrocarbon was regenerated and fractionally recrystallized 
from alcohol by the triangle scheme. Fraction Il-b was cr 3 ^tal- 
lized from alcohol directly and the fractions after three recrystalliza¬ 
tions imited with those of similar melting point from Fraction Il-a. 
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Finally, after removal of considerable higher melting mixtures a 
fraction of 700 mg. melting at 120-121® was obtained after about 
60 recrystallizations. Inasmuch as this still was obviously a 
mixture, further attempts at resolution were discontinued and 
oxidation experiments begun on this material. In several oxida¬ 
tion experiments under varying conditions a very small quantity 
of quinone was obtained which was insufficient for purification. 
However, a portion of this hydrocarbon mixture furnished a trini¬ 
trobenzene compound which melted after repeated recrjrstalliza- 
tion at 147-148® and represented about one-half of the material 
taken. The analytical figures corresponded to the trinitro¬ 
benzene compound of Diels’ hydrocarbon. Found, C 64.65, 
H 4.06. On conversion of a small sample of this hydrocarbon 
mixture into the picrate a product was obtained which, after 
several recrystallizations from alcoholic picric acid, formed rusty 
orange plates which melted at 125-126® and therefore at a higher 
temperature than the picrate of Diels’ hydrocarbon (118®). Fur¬ 
ther recrystallization would doubtless have raised this melting 
point still more, but the small amount of material at hand pre¬ 
vented further recrystallization. On analysis the sample gave 
figures corresponding to the picrate of a CieHu hydrocarbon. 

C„H„0,N,. Calculated. C 60.66, H 3.95 
Found. *' 60.60, “ 3.94 

Attention was then concentrated on the relatively large amounts 
of lower melting hydrocarbons contained in the mother liquors of 
the above 700 mg. fraction. The fraction immediately following 
the latter was converted into a picrate which was then recrystal¬ 
lized from alcoholic picric acid to a constant melting point of 126— 
127®. The hydrocarbon recovered from the picrate melted con¬ 
stantly at 127® after three recrystallizations from alcohol. 

Calculated. C 93.15, H 6.86 
Found. “ 92.76, “ 6.87 

The picrate prepared from the pure substance formed lemon- 
yellow needles and melted again at 126—127® after recrystallization 
from alcoholic picric acid. Found, C 61.34, H 4.09. 

The trinitrobenzene derivative proved to be more stable than 
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the picrate and formed lemon-yellow needles which melted at 161- 
163® after recrystallization from alcohol. 

CmHitOiNi. Calculated. C 62.98, H 4.10 
Found. “ 63.67, “ 4.38 

Because of the sparing solubility of this derivative it was used to 
obtain more of the hydrocarbon from accumulated mother liquors, 
followed by regeneration of the hydrocarbon with tin and HCl in 
acetic acid. This material was later used for oxidation experi¬ 
ments given below. 

All the other more soluble crystalline hydrocarbon fractions 
were combined and converted into the picrate in alcoholic picric 
acid. This picrate, after recrystallization from the same solvent, 
gave what appeared to be a constant melting point of 126-126°. 
After decomposition of this picrate the regenerated hydrocarbon 
melted constantly at 124-125° after three recrystallizations from 
alcohol. 


CitHu. Calculated. C 93.15, H 6.85 
Found. “ 92.71, “7.06 

The picrate prepared from the purified hydrocarbon formed 
rusty orange, flat needles or plates and melted now at 140-141° 
after recrystallization from alcoholic picric acid. 

CjjHitOiNi. Calculated. C 60.66, H 3.95 
Found. “ 61.00, “ 3.77 

The more insoluble high melting hydrocarbons from Fraction II 
were repeatedly recrystallized from alcohol, but no substance with 
constant melting point could be obtained. 

From Fraction III, after several recrystallizations from alcohol 
and finally from butyl ether, a small amount of a hydrocarbon 
crystallizing as plates was recovered which melted constantly at 
296-297°. In solution this substance exhibited a bright pale blue 
fluorescence. 

CiiHit. Calculated. C 93.99, H 6.01 
Found. “ 94.08, “ 6.05 
“ 93.87, “ 5.91 

Quinone from the Hydrocarbon Melting at 127 °—100 mg. of the 
hydrocarbon were dissolved in 5 cc. of acetic acid and heated on a 
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steam bath for 1J hours with 200 mg. of CrOj dissolved in 1 cc. of 
water. The mixture was carefully diluted, and after standing in 
the ice box the crystalline quinone was collected. After several 
recrystallizations from alcohol it formed brown-red prisms which 
melted at 203-205®. 

With the small amount of this material on hand, its reaction 
with o-phenylenediamine in acetic acid solution was attempted. 
The crystalline quinoxaline formed cream-colored needles from 
chloroform alcohol which, after six recrystallizations, melted at 
168-171®. Exhaustion of material prevented further recrystalliza¬ 
tion to possibly higher melting point. 

Quinone from the Hydrocarbon Melting at 1^4-125^ —100 mg. of 
the hydrocarbon were oxidized with CrOa as in the preceding case. 
The substance, after several recrystallizations from alcohol, 
formed garnet prisms which melted at 208-209®. 

CieHisOs. Calculated. C 81.32, H 5.12 
Found. ** 80.75, ** 5.20 

The quinoxaline prepared from this quinone after repeated re¬ 
crystallization from chloroform alcohol melted constantly at 
150®. 


CaaHuNj. Calculated. C 85.69, H 5.23 
Found. ‘‘ 84.80, “ 5.18 

Dehydrogenation of Isostrophanthic Acid —50 gm. of a-isostro- 
phanthic acid were heated in a dehydrogenation flask at 200® 
until evolution of CO 2 had ceased. The temperature was then 
raised to 320-340® during 6 hours, while selenium was added in 
10 gm. quantities every hour until a total of 70 gm. had been 
added. The temperature was maintained at 320-340® for a 
further 30 hours. After extraction with ether the mixture was 
distilled at 0.2 mm. and the following cuts were taken: Fraction I, 
185-210®, 13 gm., practically all crystalline; Fraction II, 210-240®, 
7 gm., practically all crystalline. Both fractions were freed from 
possible oil by extraction of their picrates with petroleum ether 
and the regenerated hydrocarbons were fractionally recrystallized 
from alcohol according to the usual triangle scheme. 

The most insoluble part of Fraction II melted constantly after 
several recrystallizations from alcohol at 140-142®. The sub- 
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Stance crystallized as plates and exhibited a strong uniform 
lavender fluorescence xmder the fluorescent microscope. 

Ci(Hh. Calculated. C 93.15, H 6.85 
Found. “ 93.38, “ 6.96 
“ 93.20, “ 6.80 
“ 92.96, “ 6.82 

1.495 mg. substance; 30.535 mg. camphor; A 8.6®; mol. wt. *■ 228 

2.820 “ “ 27.790 ‘‘ “ 19.0® » 214 

CiflHu. Calculated. Mol. wt. *= 206 

The hydrocarbon formed a bright red picrate which apparently 
contained approximately 2 moles of picric acid for each mole of 
hydrocarbon. It proved to be too unstable to permit purification. 

C 28 H 2 oOi 4 N«. Calculated. C 50.59, H 3.04 
Found. '' 53.88, "3.10 
" 53.76, " 3.42 

The trinitrobenzene derivative, while unstable, could be re¬ 
crystallized from alcoholic trinitrobenzene solution. It contained 
2 moles of trinitrobenzene for each mole of hydrocarbon and 
formed bright orange plates which melted at 128-129°. 

CsOIjoOijN,. Calculated. C 53.15, H 3.20 
Found. “ 62.96, " 3.44 

From Fraction I no constant melting hydrocarbon could be 
obtained after more than 260 recrystallizations. 
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STUDIES ON ORGANOGENESIS 

I. The Ability of Isolated Blood Cells to Form Organized 

Vessels in Vitro 

By RAYMOND C. PARKER, Ph.D, 

{From the Laboratories of The Rockefeller Institute for Medical Research) 
Plates 13 to 15 

(Received for publication, June 21, 1934) 

Blood cells, when placed for incubation in culture flasks containing 
a mixture of blood plasma and Tyrode solution, are capable of con¬ 
structing highly organized, tubular processes that resemble, in some 
respects, the blood capillaries of the organism. It is the purpose of 
this communication both to describe these structures and to disclose 
the conditions under which they are formed. 

Material^ and Procedures 

The cells are taken from blood that has been drawn from the carotid of adult 
chickens according to the procedures regularly employed in the preparation of 
plasma. The blood is collected in plain glass tubes and centrifuged inunediately. 
No anticoagulant is used. After centrifugation, and the subsequent removal of 
the cell-free plasma yield, the thin layer of leukocytes (buffy coat) that rests above 
the red cells is coagulated by the addition of a drop or two of embryo tissue juice.^ 
A little later, this layer can be removed as a disc and cut into small fragments for 
the preparation of the cultures. Each fragment consists of a layer of white cells, 
together with such red cells as remain adherent to them. After a brief period of 
irrigation with Tyrode solution, the fragments are placed in micro flasks’ in a 
medium consisting of 0.2 cc. of adult chick plasma diluted with twice that amount 
of Tyrode solution. They are then placed for incubation at 37®C. 

^ This material is rendered cell-free by freezing for two periods of 15 minutes 
each at — 50®C. 

*Thj 3 flask (Carrel, A., CompL rend. Soc. biol., 1930, 106, 826) is 30 mm. in 
diameter and 5 mm. in depth. It has a straight neck, 5 mm. in diameter. At the 
union of the neck with the chamber, there is a slight constriction which prevents 
the medium from running into the neck. The walls are of sufiicient thinness 
(0.18-0.10 mm.) to permit the study of cultures with a 3 mm. oil immersion lens. 
At the termination of an experiment, the cultures may be flxed and stained in situ. 
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EXPERIMENTS AND RESULTS 

Early Stages in the Development of the Tubules .—^As a rule, the tubules 
(Figs. 1-4) begin to be formed as soon as the cultures have been pre¬ 
pared. At one or more points on the margin pf the implanted frag¬ 
ments (Fig. 4), a few red cells become dislodged and break away. 
Their places are taken by those from behind. If the proximal impact 
is great enough, these cells are also pushed out into the medium. This 
makes for a general streaming. Each cell that is forced out follows 
in the wake of those that have gone before. They may proceed in 
single file, or abreast of one another, but always over exactly the same 
route. This route may take any direction. It may become so 
branched as to form a system of great complexity (Fig. 1). But as 
long as the cells in the lead are being pushed forward by those from 
behind, they will continue to advance through the medium until it 
coagulates. The moment coagulation occurs, the pathway assumes 
the nature of a tunnel-like passage. Moreover, this passage will 
remeiin open and unobstructed, despite the fact that the cells in transit 
may be widely separated (Figs. 11 and 12). Its boundaries become 
the interphase between the fluid plasma within and the coagulated 
plasma without. By manipulating the flask, the cells that are enclosed 
can be made to flow in either direction. If coagidation occurs before 
the proximal outflow has ceased, its lumen may become densely 
packed with cells. Even after the medium has coagulated, however, 
the force of the outgoing cells may still be so great that a large spherical 
expansion is formed at its distal end (Fig. 3). At other times, the 
channels may be completely ruptured. 

It has already been stated that the marginal outflow is initiated by 
the red cells. Red cells have smooth surfaces and easily shift their 
position. Without them, the phenomenon does not occur. Leuko¬ 
cytes, on the other hand, adhere to one another and to solid structures. 
While capable of independent locomotion, they may, as in the present 
instance, be swept along in a ciurrent of red cells. The outflow will 
not occur, however, if the buffy coat has become too firmly coagulated 
before the fragments have been prepared and placed in the flasks. 
Under these conditions, the red ceUs are held so securely in place by 
the fibrin meshwork of the explant itself that they are rendered incapa- 
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ble of movement. The greatest number of tubules are to be obtained 
from a thick fragment of relatively loose texture and one that contains 
an abundance of red ceils. 

It should also be pointed out that the tubule formation occurs inde¬ 
pendently of, and begins prior to, the general outward migration of 
leukocytes (Figs. 4 and 5). In fact, the two phenomena depend upon 
entirely different environmental conditions. It has been found, for 
example, that when the medium is composed of serum, the cells flow 
out irregularly from all sides, and no tubules are formed. In the pres¬ 
ence of plasma, however, the outflowing cells may take every con¬ 
ceivable form, ranging from broad, fan-like disseminations through 
short, stalky, bud-like projections to long, slender ones such as those 
just described. It has also been found that the development of the 
tubules is not suppressed by substances that enhance cell activity 
unless they induce, at the same time, the immediate coagulation of 
the plasma. Thus, embryo tissue juice prevents their formation by 
producing immediate coagulation (Figs. 6 and 7). Their develop¬ 
ment is not hindered, however, by the addition of tryptic digests of 
fibrin. Although these latter substances stimulate the leukocytes to 
enormous activity, they do not hasten, to any appreciable degree, 
the coagulation of the fibrin network. It is, of course, possible to 
delay, to some extent, the onset of coagulation by retaining the cul¬ 
tures for a time at room temperature. This, as a rule, makes for the 
development of a larger number of tubules and for tubules of greater 
length than it is possible to obtain by immediate incubation. 

Later Stages in the Development of the Tubules .—^All that has occurred 
up to this point may take place within 15 to 20 minutes after the cul¬ 
tures have been prepared. As soon as the surrounding medium has 
become firmly coagulated, however, no further change occurs either 
in the length of the tube or in its diameter (Figs. 9 and 10). So far, 
in fact, the cultures have no definite walls. In the majority of cases, 
the walls begin to be laid down after from 5 to 8 hours’ incubation 
(Fig. 8). They are formed by the activity of living cells, or cell 
products, particularly the thrombocytes, that have been deposited 
along the course of the tubules. Wherever there are gaps between 
the cells confined in the tubules, these minute bodies may be seen to 
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spin out fine, hair-like filaments at the interphase between the lumen 
of the tubule and the surrounding coagulum (Figs. 11 and 12). These 
filaments are of the nature of fine mesenchymal fibrillae. Sometimes, 
they become very dense (Fig. 13). They take,on a deep blue colora¬ 
tion when stained with Heidenhain’s azan mixture, and become black 
when treated according to the Bielschowsky-Maresch silver impregna¬ 
tion procedures (Figs. 21 and 22). 

Out in the surrounding medium, the thrombocytes may form similar 
strands, but here at random (Figs. 14 and 15). Where they are well 
isolated from one another, these strands are usually very short and 
are arranged radially (Fig. 14). The majority of them, however, 
tend to agglutinate. Very often, the agglutinated masses become 
joined together by numerous, parallel threads (Fig. 15). 

After a few days, the red cells within the capillary-like formations 
become progressively phagocytized by the macrophages (Figs. 10 and 
19). Eventually, these in turn may escape into the surrounding 
medium, sometimes through definite breaks in the walls, but more 
often by way of their proximal ends. After some days, the tube may 
be completely empty. In the meantime, however, any munber of 
macrophages may come to rest on its outer surface (Figs. 16, 21 and 
22). In this position, they bear striking resemblance to the much 
discussed cells of Rouget. Occasionally, their undulating membranes 
become so fused with one another as to give the impression of an 
unbroken syncytium. If the cultures were fixed and stained at this 
moment, the walls of the vessels would appear to be nucleated. 

Sometimes the fibrous wall is incompletely formed, the strands being 
laid down over a single portion of the original passageway. At other 
times a single cord of fibrous material may extend along one side of it 
(Fig. 18). Invariably, however, its lumen remains open and filled 
with fluid. When the wall is complete, it is possible to inject the 
tubule with a micro pipette. With increasing pressure, the vessel 
becomes distended. Eventually, of course, it will burst. 

DISCUSSION 

The present experiments have shown that it is possible for the cells 
of the circulating blood, when placed for incubation in a suitable 
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substratum, to provide themselves with organized vessels* of th ei r 
own creation. In the beginning, the formation of the organized struc¬ 
tures is a purely physicochemical phenomenon. It is dependent upon 
the consistency of the medium, the character and thickness of the 
original fragment and the surface peculiarities of the red cells. As 
soon as fragments containing a loose arrangement of red cells and 
leukocytes have been placed in a plasma mixture that does not coagu¬ 
late immediately, certain of the red cells, as the result of physical 
pressure exerted upon them by neighboring cells, initiate a general 
outflow from the central mass into the surrounding medium. This 
leads to the formation of definite channels, or passageways, through 
the uncoagulated plasma. Eventually, the medium coagulates. 
Despite this, however, the plasma contained in the tubular channels 
remains fluid. Its properties have been altered, in some way, by the 
advancing blood cells. Then, as soon as the tubules have been formed, 
the thrombocytes that have been deposited at the interphase between 
the coagulated plasma without and the fluid medium within, proceed 
to lay down a fibrinated wall. They build this wall in exactly the 
same way that they produce at random short strands of fibrillae in 
the outer medium. Finally, the wall becomes covered by a membra¬ 
nous layer of leukocytes. Here again, the leukocytes manifest a 
common, well known property. They will cover a cotton fiber in 
quite the same manner (Fig. 17). 

It follows, then, that the phenomenon as a whole is composed of a 
series of events that are both physicochemical and physiological in 
their nature. These various events are separate and distinct phe¬ 
nomena. They must, however, occur in a definite sequence. If, for 
example, the blood cells fail to stream out from the central explant 
before the medium coagulates, no tubules are formed. The streaming 

* Two years ago, Hueper and Russell (Hueper, W. C., and Russell, M. A., Arch, 
exp. ZeUforsch., 1932,12,407) reported the appearance of similar structures in a 
certain percentage of “leucocyte” cultures, some of which had been prepared in 
much the same manner as those referred to above. The observations reported by 
these authors, however, are so completely at variance with those presented here 
that it does not seem advisable to attempt a comparison of the two accounts. 
Moreover, no pretence was made by them to determine the conditions under 
which the phenomenon occurred. 
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has been found to depend upon the physical features of the explant 
and the cells that comprise it; the rapidity with which the mediiun 
coagulates, on the other hand, depends upon the physicochemical 
nature of the various substances that go into it and also upon the 
temperature at which it is placed. Then again, the marginal outflow 
from the explant into the medium may carry only red cells. While 
this will insure the formation of the fluid channels, or passageways, 
through the plasma coagulum, the channels will not become endowed 
with fibrillar walls unless the red cells are accompanied by leukocytes 
and thrombocytes. Assuming, however, that the tubules have been 
formed and that they have developed fibrillar walls, the possibility 
of their being covered, eventually, by a cellular membrane depends 
entirely upon the nutritive quality of the medium. 

The formation of these structures is looked upon as a definite exam¬ 
ple of organogenetic development. The phenomenon takes place 
whenever a certain group of cells is placed in a certain type of medium. 
Given the proper set of environmental conditions, its occurrence is 
inevitable. It is true, of course, that the structures formed are only 
slightly analogous to the blood vessels formed in the organism. At 
the same time, their manner of formation has been such as to suggest 
that formative processes occurring in the organism might also depend 
upon just such an ordered sequence of physicochemical and physio¬ 
logical events. 


SXIMMARY AND CONCLUSIONS 

1. Isolated blood cells, when placed for incubation in a plasma sub¬ 
stratum, are capable of constructing highly organized, tubular 
processes that project from the explanted cell mass into the surround¬ 
ing medium. 

2. The tubular structures have fibrillar walls that may be covered, 
eventually, by a membranous layer of leukocytes. Their lumina 
contain blood cells suspended in fluid. 

3. The formation of the tubules is initiated by the red cells. The 
leukocytes, and more particvilarly the thrombocytes, are responsible 
for the construction of the walls. 

4. The phenomenon occurs only in the presence of plasma, the 
coagulation of which has been slightly delayed. Once the surrounding 
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medium has become firmly coagulated, no further change occurs 
either in the length of the tubules or in their diameter. 

5. The development of the tubules is not suppressed by substances 
that enhance cellular activity unless they induce, at the same time, 
the immediate coagulation of the medium. The addition of embryo 
tissue juice prevents their formation by producing early coagulation. 

6. The phenomenon as a whole is dependent upon the physico¬ 
chemical nature of the medium, the character and thickness of the 
explanted fragment, and the physical and physiological peculiarities 
of the cells that comprise it. It is the expression of various physico¬ 
chemical and physiological events that have occurred in a definite 
order, or sequence. 

The author is greatly indebted to Mrs. Jane Bell Gladding, who has 
performed a large portion of the experimental work. 

EXPLANATION OF PLATES 

With the exception of those reproduced in Figs. 21 and 22, all of the photographs 
were made from living, unstained preparations. Eastman safety process films 
were used throughout. 

Plate 13 

Fig. 1. Culture 5308-4. Tubule formations in a colony of blood cells photo¬ 
graphed after 24 hours* incubation in plasma and Tyrode solution. The cells in 
the background are leukocytes that have migrated out from the same explant. 
X31. 

Fig. 2. Culture 5589-3. Portion of a tubule after 24 hours* incubation. The 
wall, clearly defined where it is present, is still incomplete. Note the miscella¬ 
neous character of the enclosed cells. X198. 

Fig. 3. Culture 4048-8. Tubule from a culture incubated for 30 hours. Note 
the spherical expansion at the distal end. X99. 

Fig. 4 . Culture 4078-1. Tubule formations after 1 hour*s incubation. The 
structures extend well beyond the zone of migrating leukocytes. X28. 

Fig. 5. Culture 4078-2. Tubule formations after 8 hours* incubation. By 
this time, the zone of outward cell migration extends well beyond the tubules. 
X20. 

Fig. 6 . Culture 4092-10. Tubule formations in a colony of blood cells culti¬ 
vated in plasma and Tyrode solution. As usual, no embryo tissue juice was 
added. Photographed after 5 hours* incubation. X17. 

Fig. 7. Culture 4092-3. Colony of blood celb cultivated in plasma, Tyrode 
solution and embryo tissue juice. In contrast to the culture shown in Fig. 6, no 
tubules were formed. Photographed after 5 hours* incubation. Xl7. 
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Fig. 8 . Culture 4048-7. Portion of a tubule after 6 hours’incubation. In this 
section of the tubule, a few red cells are to be seen. A spherical expansion at its 
distal end (top of figure) is not shown. X164. 

PlATE 14 

k 

Fig. 9. Culture 4048-7. The distal portion of a tubule photographed after 
30 hours’ incubation. The red cells contained in the distal expansion are evenly 
distributed. X105. 

Fig. 10. Culture 4048-7. The same as Fig. 9 after 3 days’ incubation. By 
this time, the red cells have become phagocytized by the leukocytes. The several 
black blotches represent the location of phagocytes that are gorged with red cells. 
The proximal portions of the tubule are almost completely empty. X105. 

Fig. 11. Culture 4078-2. Portion of a tubule photographed after 8 hours’ 
incubation. That section of the passageway lying between the two groups of 
enclosed red cells is open and unobstructed. Although the wall has not yet been 
formed, a single fibrous strand may be seen extending along the bottom of the 
tubule. X365. 

Fig. 12. Culture 4078-2. Portion of another tubule from the same culture 
after 8 hours’ incubation. As in the case shown above, this tubule extends across 
the entire width of the photograph. The fibrous wall is in process of formation. 
Only those cells that are clearly in focus are contained within the tubule. X365. 

Fig. 13. Culture 4097-2. Portion of a tubule after 5 days’ incubation. The 
fibrous wall is completely formed and is very dense. X328. 

Fig. 14. Culture 5016-3. Red cells, leukocytes and thrombocytes from the 
outer medium of a culture incubated for 24 hours. The thrombocytes have 
thrown out fine fibrillar strands that radiate in every direction. Just above the 
center of the figure a macrophage is seen clinging to one of the heavier connecting 
fibers. X310. 

Fig. 15. Culture 5016-3. Agglutinated masses of red cells, leukocytes and 
thrombocytes from another portion of the same culture after 24 hours’ incubation. 
The various groups of cells are connected with one another by numerous fibrillae. 
X310. 

Plate 15 

Fig. 16. Culture 4048-8. Portion of a tubule after 5 days’ incubation. Its 
surface is completely covered by leukocytes. Their thin, undulating membranes 
have become fused, giving the appearance of a syncytium. At the bottom and 
to the right of the figure, one of the cells lying on the surface of the tubule may be 
seen in relief. X207. 

Fig. 17. Culture 4087-10. Two sections of a single cotton fiber that has 
served as a supporting structure for free wandering leukocytes; from the outer 
medium of a culture of blood cells after 6 days’ incubation. X198. 

Fig. 18. Culture 4048-9. Portion of a tubule whose cellular contents have 
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either died or migrated out from its lumen. Only a section of the tubule has been 
enclosed by a fibrous wall. Although the original channel branched out to the 
right (at the bottom of the figure), no wall was formed. Photographed after 8 
days’ incubation. Xl85. 

Fig. 19. Culture 4048-7. The distal portion of the same tubule shown in 
Figs. 9 and 10, after 8 days* incubation. X185. 

Fig. 20. Culture 4048-7. The distal portion of a tubule that has obtained a 
well formed, fibrous wall. The extreme tip of this tubule is of very small diameter. 
Photographed after 9 days* incubation. X185. 

Fig. 21. Culture 5925-3. Portion of a tubule from a culture fixed in Ringer- 
formol after 5 days’ incubation and stained according to the silver impregnation 
procedures of Bielschowsky-Maresch. Note the complex, net-like structure of 
the fibrinated wall. X422. 

Fig. 22. Culture 5925-3. Another tubule from the same preparation shown in 
Fig. 21. A number of leukocytes have become incorporated in the fibrous wall. 
X422. 















f' 
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CRYSTALLINE ACETYL DERIVATIVES OF PEPSIN 

By ROGER M. HERRIOTT and JOHN H. NORTHROP 

{From the Laboratories of The Rockefeller Institute for Medical Research, 
Princeton, N. /.) 

(Accepted for publication, March 8, 1934) 

The isolation and identification of several individual enzymes has 
made it possible to attack the problem of their chemical structure. In 
the last few years it has been shown that urease (1), pepsin (2), tryp¬ 
sin (3), chymo-tiypsin (4), probably pancreatic amylase (5) and 
rennin (24) are proteins, so that the general molecular structure of 
these enzymes is known. Enzymes have powerful catalytic proper¬ 
ties, however, not possessed by ordinary proteins and therefore must 
possess characteristic chemical structures. 

Since the chemical properties of a molecule are not the sum of 
the properties of its component parts, the catalytic activity of an 
enzyme must be considered as a property of the whole molecule and 
cannot, strictly, be referred to one special group. It is frequently 
true, however, that a particular property of the molecule is depend¬ 
ent upon a particular group or arrangement of the atoms within 
the molecule; the magnitude of this property depends upon the 
structure of the whole molecule. Thus organic acids usually contain a 
carboxyl group but the strength of the group depends on the entire 
molecular configuration. In the case of proteins possessing peculiar 
properties the first question to arise is whether the molecule consists 
entirely of amino acids or whether it contains a prosthetic group; i.e., 
a compound not composed of amino acids. The peculiar properties 
of hemoglobin are ascribed to the presence of the prosthetic group, 
heme, which can easily be separated from the protein, globin. In this 
case the prosthetic group may be detected by its color. The yellow 
respiratory ferment of Warburg (6) is similar since again the prosthetic 
group is colored. In both these cases the characteristic properties 
are lost completely when the prosthetic group is separated from the 
rest of the molecxile. The prosthetic group alone is therefore not re¬ 
sponsible for the activity. 
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The products of hydrolysis of pepsin have no proteolytic activity 
and there is no other property known of the hypothetical group which 
in pepsin renders it active. Indirect information as to the nature of 
the active group may be obtained, however, by altering the structure 
of the original pepsin molecule with reagents known to react with 
certain chemical groups and determining the effect of this change in 
structure upon the activity. By analogy with other compounds, such 
as acids or dyes, it would be expected that any change in the molecule 
would affect the activity but that the extent of the effect would depend 
upon a number of factors such as the nature of the reagents, the react¬ 
ing groups of the molecule, and their relation to the active part of the 
molecule. Pepsin is known to have such free groups as carboxyl 
(COOH), amino (NH 2 ), and phenolic hydroxyl (OH). The effect on 
the activity resulting from the modification of these groups should 
furnish information as to their relation to the molecular structure 
responsible for the activity. If the modification of these groups in 
native pepsin resulted in a complete loss in activity it would be 
probable that the active group, or one closely associated with the active 
group, had been altered by the treatment. If the modification of these 
groups failed to affect the activity it would follow that the modified 
groups are not closely related to the active part of the enzyme. The 
present experiments were designed to determine what effect acetylation 
of the various groups of pepsin would have on the activity. 

The action of a number of biological substances is markedly altered by the 
introduction of one or more acetyl groups into the molecule. Hunt (7) has shown 
that acetyl choline has at least 40,000 times as much action on blood pressure as 
does choline. Warburg and Negelein (8) have prepared a diacetyl deutero hemo¬ 
globin which has only 52 per cent of the capacity to combine reversibly with 
oxygen as does ordinary hemoglobin. Workers in several laboratories have 
studied the change in properties of crystalline insulin after acetylation. Freuden- 
berg and his coworkers (9) have reported complete inactivation of crystalline insulin 
by acetylation. Part of the activity could be recovered by treatment of the 
inactive acetylated insulin with dilute alkali. Later, using freshly precipitated 
amorphous insulin, they reported a product of acetylation which had 5-10 per 
cent of the original activity. The amino nitrogen was reduced from 1 per cent to 
0.1 per cent by the acetylation. More recently Avery and Goebel (10) have 
reported that an acetyl group present in the Type I speicific pneumococcus poly¬ 
saccharide renders the material antigenic. This property disappears on removal 
of this one acetyl group. 
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Hugounenq and Loiseleur (11) have reported that treatment of crude pepsin 
solutions with methylating and diazotizing agents failed to affect the proteolytic 
activity of the enzyme. Their treatment was directed toward the primary amino 
groups and since they noticed no change in activity of the enzyme they concluded 
that the primary amino group had little if anythmg to do with the proteolytic 
activity. They did not, however, measure either the loss in amino groups nor 
increase in methyl groups, nor did they isolate any compounds. 

In the present experiments pepsin was acetylated by treatment with 
ketene and it was found that the activity decreased as the acetylation 
proceeded. In the study of the course of the acetylation reaction it 
became apparent that the time rate of change in the specific activity of 
the enzyme during acetylation depends upon the pH of the solution. 
Acetylation of pepsin at pH 5.5 causes a greater drop in specific ac¬ 
tivity per acetyl group introduced than acetylation at pH 4.5. If the 
pH of the pepsin solution is kept constant the specific activity of the 
reaction mixture when plotted against the increase in munber of acetyl 
groups per molecule of protein drops off logarithmically as acetyl 
groups are introduced. There is no sharp break in the curve; the 
activity drops gradually and is 10 per cent or less of the ori^nal ac¬ 
tivity after the introduction of more than twenty acetyl groups per 
molecule of enzjone. 

A preparation of acetylated pepsin has been obtained in crystalline 
form which has 60 per cent of the activity of the original pepsin, as 
measured by several methods. This material contains one or less 
primary amino groups per molecule of protein instead of the three or 
four originally present in pepsin. It also possesses from six to eleven 
acetyl groups per molecule, the number depending up>on the condi¬ 
tions during the acetylation. From the acetyl determinations of 
several different preparations and the solubility experiments it appears 
that there may be several acetyl products possessing approximately 
60 per cent of the original pepsin activity and which may form solid 
solutions with one another. 

Another crystalline acetylated pepsin preparation was obtained 
by subjecting the above acetyl pepsin to normal sulfuric acid. The 
specific activity of this acid solution increased to the value of pure 
pepsin and the acetyl content dropped from nine to four acetyl 
groups per molecule. There was no measurable increase in the 
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primary amino nitrogen and it is probable that the remaining acetyl 
groups are on the primary amino groups. It was also possible to 
prepare this same, or a closely related material, starting with peprin. 
By careful acetylation an acetyl product was obtained which had lost 
none of its activity but which ^d lost all of its primary amino groups. 
This material had three acetyl groups per molecule, the equivalent 
of the amino groups lost. 

Still another acetylated product was prepared by acetylation for 
35-40 hours at pH 5.5 in a dialyzing bag. This material was only 10- 
15 per cent as active as pepsin and had on the average twenty acetyl 
groups per molecule. On further acetylation the decrease in ac¬ 
tivity was very slow. It was much less soluble than the other prep¬ 
arations and crystallized with difficulty and in very small crystals. 

The different acetyl preparations could be separated from one 
another by fractional precipitation from concentrated magnesium 
sulfate solution. Under the microscope the crystals of all of the 
acetyl preparations appeared alike and indistinguishable from those of 
pepsin as may be seen in Fig. 1. 

The results of these acetylation experiments show that acetylation 
of primary amino groups does not change the specific activity of 
pepsin by more than 10 per cent but that addition of acetyl groups in 
some other places causes a marked decrease in activity. 

The primary amino groups of proteins in general are those of lysine 
and since acetylating these groups has little or no effect on the ac¬ 
tivity it is probable that the lysine groups are not part of or are not 
intimately associated with the molecular structure responsible for the 
activity. Further acetylation, however, causes a marked decrease in 
activity which would indicate that certain groups of the protein more 
closely related to the active part of the molecule have been acetylated. 
Ketene reacts with NH, OH, or COOH groups and it is not possible to 
decide at present between the various possibilities. The ease with 
which these groups may be removed suggests that OH, or COOH 
groups have been acetylated. 

The pH activity curves, acid and alkali inactivation, and the titra¬ 
tion curves of the acetyl preparations examined were not greatly 
different from the same properties of the parent substance, pepsin. 
On the other hand no isoelectric point could be detected for the “100 
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Fig. 

pepsin. 



p . o 

c 

1. (o) Crystalline pepsin, (h) Crystalline “100 per cent active” acetyl 
(r) Crystalline “60 per cent active” acetyl pepsin. 
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per cent active'' and ''60 per cent active" acetylated derivatives and 
their solubilities in acid decreased as the concentration of acid in¬ 
creased. These two properties are quite different from those of 
pepsin which has an isoelectric point at pH 2.7 and the solubility of 
which increases as the solution is made more acid than pH 2.7. 

EXPERIMENTAL RESULTS 

Acetylation with Ketene 

Staudinger (12) in his study of ketene (CH 2 = C = O) pointed out 
that ketene is capable of reacting in dilute acid but the reaction is more 
rapid in alkaline solution and that whereas it reacts with all of the 
following groups—^primary and secondary amines, aliphatic alcohols, 
water and phenols—the rates of reaction are quite different for each 
group. Primary amines react most rapidly and the phenols least 
rapidly. The reactions of ketene are in general addition reactions 
and polymerizations, the latter being of little or no consequence in this 
work. The addition reactions may be illustrated as follows: 

CH. = C 4 - H - Ntl - R - ^ riTa _ C - NH - R 

II II 

o 0 

Acetylation of amino acids using ketene has been reported by Berg 
mann and Stern (13). Ihis method is more suitable for the acetyla¬ 
tion of pepsin than the usual methods since the reaction may be 
carried out in slightly acid aqueous solution and without any appre¬ 
ciable denaturation of the protein. 

The ketene used in this work was generated by the thermal decom¬ 
position of acetone vapor (14). 

Course of the Acetylation Reaction 

Effect of pH .—In the early experiments it was noticed that when 
ketene was passed into a 5-10 per cent pepsin solution in 3 m pH 5.5 
acetate buffer, the specific activity of the enzyme dropped rapidly at 
first and then more slowly as the reaction progressed. When the 
specific activity reached approximately one-half that of the original 
pepsin there was no further appreciable change with continued expo¬ 
sure to ketene. It was first thought that this flattening out of the 
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specific activity-time curve indicated the completion of the acetylation 
reaction and a product of definite properties different from those of 
pepsin was repeatedly obtained. The pH, however, was not held 
constant. The acidity of the enzjnne solution changed from pH 5.5 
to 4.0 during the course of the acetylation experiment. This might 
be expected for, as previously pointed out, ketene reacts with water to 
form acetic acid. 

When the acetylated product described above, with a specific ac¬ 
tivity of 60 per cent that of pepsin, was precipitated out of the pH 4.0 
buffer and dissolved in pH S.S acetate buffer and ketene run in as 
before, the specific activity again dropped and again reached a nearly 
constant value as the pH of the solution approached pH 4.0. This 
product was precipitated and redissolved in fresh pH 5.5 buffer and as 
before subjected to ketene and again there was an initial drop in 
activity followed by a slowing up of the time rate as the pH of the 
solution dropped toward pH 4.0. 

Experiment I—Course of Acetylation as pH Varied from pH 6,(h4,0 ,—175 gm. 
of twice crystallized Cudahy pepsir filter cake was dissolved in 3 m sodium acetate; 
final volume was 400 ml. Ketene was run in with stirring. 20 ml. samples were 
withdrawn at various intervals of time and the following analyses made using the 
methods described in the section devoted to experimental methods—^pH, protein 
nitrogen, non-protein nitrogen, Van Slyke amino nitrogen, proteolytic activity by 
the hemoglobin method, and acetyl content. After 800 minutes exposure to ketene 
the protein was precipitated out by the addition of an equal volume of saturated 
magnesium sulfate. The precipitate was filtered off, dissolved in 3 m sodium 
acetate, and the final volume made up with sodium acetate to the volume of the 
solution just prior to precipitation. Ketene was passed in as before for 900 minutes 
or a total of 1700 minutes. The protein was again precipitated as before and dis¬ 
solved in fresh sodium acetate and ketene run in for 300 minutes or a total of 2,000 
minutes. The analyses of the samples are plotted in Curve I of Fig. 2; Curve I 
of Fig. 3; and in Fig. 5. 

The results of this series of experiments may be seen graphically in 
Curve I (Fig. 2). They indicate that the change in slope of the time- 
specific activity curve was due to a change in the pH of the solution 
and not to the completion of the acetylation. It was later found that 
the pH could be kept nearly constant by placing the buffered pepsin 
solution in a collodion bag suspended in a large volume of buffer. 
As a check experiment, therefore, acetylation was carried on in a 
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collodion dialyzing bag with the pH nearly constant between pH 5.0 
and 6.0. Under these conditions the drop in specific activity of the 
reaction mixture with time did not show a decided change as the spe¬ 
cific activity approached 60 per cent of the original pepsin. As may 
be seen from Curve II of Fig. 2 the activity continued to drop with 
only a very gradual change in the slope of the curve and seems to show 
that the differences noted in the acetylation of pepsin are differences 
in timp rates and are probably caused by the differences noted in the 
pH values of the solutions. However, when the increase in acetyl 



groups was plotted against specific activity (see Fig. 3) the points 
obtained from acetylation at pH 4.5 and at pH 5.5 did not fall along 
the same curve. 

Experiment II—Course of Acetylation at Constant pH 5.5.—135 gm. of once 
crystallized pepsin, prepared from Cudahy pepsin was twice precipitated by half 
saturated magnesium sulfate at pH 4.0 and dissolved in 2 m acetate buffer pH 5.8 
so that the final volume was 400 ml. The enzyme solution was placed in a col¬ 
lodion bag prepared from Merck's u. s. p. collodion and this set into 2 liters of the 
same buffer as that used for the solution of the protein. Ketene was run in 
rapidly and the solution stirred both inside and outside of the bag. At the end of 
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the day the bag and solutions were placed in the ice box and the reaction started 
again the next morning. 20 ml. samples were withdrawn and analyzed for protein, 
non-protein nitrogen, Van Slyke amino nitrogen, pH, activity by the hemoglobin 
method, and acetyl content. The results of the analyses are to be found plotted in 
Curve II of Figs. 2 and 3; Curve I of Fig. 4; and in Fig. 5. 

These curves are independent of time and should, therefore, be 
collinear if the time rate is the only factor in the acetylation of pepsin 
affected by a change in pH. There was a much greater drop in specific 



Fig. 3. Effect of a change in acetyl groups per molecule on specific activity of 
pepsin. 

activity per unit increase in acetyl groups when the acetylation was 
carried on at pH 5.5 than at pH 4.5. Curves I and II of Fig. 3 were 
plotted from data of the same experiments as were the Curves I and 
II of Fig. 2. Curve III of Fig. 3 represents an experiment in which 
the pepsin was acetylated at pH 4.5-4.0. 

Curves I and II of Fig. 4 are the data of Curves II and III of Fig. 3 
plotted on logarithmic scale. It may be seen from Fig. 4 that when 
the pH is constant the change in specific activity of pepsin during 
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acetylation varies logarithmically with the increase in acetyl groups 
per molecule. 

Expefiment III—Course of Acetylation at Constant pb. 4.5. 45 gm. of twice 
crystallized Cudahy pepsin filter cake washed four times with half saturated 
magnesium sulfate was dissolved in 6 u pH 4.5 acetate buffer so that the final 
volume was ISO ml. Ketene was passed in rapidly with stirring. 20 ml. samples 
were withdrawn and analyzed for protein, non-protein, and amino nitrogen, 
activity by the hemoglobin method, pH, and acetyl content. 

The results are plotted in Curve III of Fig. 3; Curve II of Fig. 4; and in Fig. 5. 



Fig. 4. Logarithm of specific activity of pepsin as affected by a change in the 
acetyl groups per molecule, acetylation at nearly constant pH. 

It may be seen that there was only one-third the drop in specific 
activity per unit increase in acetyl groups at pH 4.5 as when the 
enzyme was acetylated at pH S.S. Evidently acetylation occurs at 
different groups, depending upon the pH. This is probably due to the 
effect of ionization upon the rate of acetylation of the various groups 
present in the original pepsin. 

Change in Primary Amino Groups during AcetylaUon .—^The change 
in free primary amino groups was also followed during the course of the 
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acetylation reaction by means of Van Slyke’s micro amino nitrogen 
method (IS). 

Pepsin contains an unusually small number of free amino groups, 
0.15 per cent or three to four groups per molecule^ calculated from a 
molecular weight of 36,000. Most proteins contain between 0.75-1.5 
per cent amino nitrogen or twenty to forty free amino groups per 
molecule. Fig. 5 contains the curves obtained by plotting the amino 
nitrogen content against specific activity as acetylation proceeds at 
pH 5.0-6.0 and pH 4.0-4.S. There seems to be no difference in the 



Number of NH^ groups/moleciie 

Fig. 5. Effect of acetylation of free amino groups on specific activity of 
pepsin. 

loss in activity compared to the decrease in amino nitrogen whether 
the acetylation is carried out at pH 4.5 or pH 5.5. The results show 
that there is not more than a 20 per cent 'drop in specific activity with a 
loss of practically all of the amino nitrogen. Measurements of less 
than one amino group per molecule were unreliable. 

^ This is lower than the value first reported (2), the difference probably being 
due to the presence of non-protein nitrogen in the pepsin preparation of the earlier 
analysis. 
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Preparation and Crystallization of the Acetyl Derivatives 

Three preparations of acetylated pepsin have been obtained which 
differ in specific activities, number of acetyl groups per molecule, and 
in other properties. For convenience they have beeii named according 
to their specific activity relative to that of pepsin and spoken of as 
though they were pure chemical individuals although in fact they 
may be solid solutions of closely related compounds. 


TABLE I 

Preparations of Acetylated Pepsin 


Preparation 

Method of preparation 

Specific activity 

Pepsin specific 
activity 

Amino nitrogen 

1 

MV 

©3 

|1 

z 

1 

No. of acetyl groups 
per molecule 




per 

per 


per 





cent 

cent 


cent 


Pepsin 


0.22 




fiWw 

1 

**100 per cent active” 

Acetylation of pepsin at pH 







acetyl pepsin 

5.5 for 45 min. 

0.21 

■IQ] 

0.02 

Ilia 

[3R1 

4 

“100 per cent active” 

Hydrolysis of **60 per cent 







acetyl pepsin 

active” acetyl pepsin in 








n/1 sulfuric acid at 8®C. 








for 67 hrs. 

0.20 

mm 

0.02 

0.5 


4 

‘*60 per cent active” 

Acetylation of pepsin at pH 







acetyl pepsin 

5.5-4.0for 12 hrs. 

0.12 

55 


1.0 


8 

**10 per cent active” 

Acetylation of pepsin at pH 







acetyl pepsin 

5.5 for 35 hrs. 

0.03 

14 



2.7 

23 


Experimental Procedure 

**100 Per Cent Active^' Acetyl Pepsin ,—^This material was prepared by dissolving 
100 gm. of twice crystallized pepsin filter cake containing less than 10 per cent of 
the total nitrogen as non-protein nitrogen, in 300 ml. of 3 m sodium acetate and 
then passing ketene into this solution slowly for 50-75 minutes. One bubble of 
gas every second from an orifice 25 mm. in diameter was found a satisfactory rate. 
After 50-75 minutes analysis of protein, non-protein, and amino nitrogen, activity, 
and acetyl content showed a loss of not more than 10 per cent of the activity but a 
loss of all measurable amino nitrogen. The protein was precipitated from solution 
by the addition of an equal volume of saturated magnesium sulfate after first 
adding acid to make the solution approximately pH 4.5. This precipitate was dis¬ 
solved in water, precipitated by titrating to pH 3.0 with acid, and the precipitate 
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dissolved in water with the aid of sodium acetate and crystallized after the pro¬ 
cedure of Northrop (2). 

^*60 Per Cent Active^^ Acetyl Pepsin .—125 gm. of once crystallized pepsin filter 
cake was dissolved in 3 m sodium acetate. The final volume was 400 ml. Ketene 
was passed in rapidly for 12-14 hours. Analyses for protein^ non-protein, and 
amino nitrogen, activity, pH, and acetyl content were made. The solution was 
then subjected to the same treatment as the preceding solution; the protein pre¬ 
cipitated with magnesium sulfate, acid, and thence crystallized. 

“iO Per Cent Active** Acetyl Pepsin .—125 gm. of twice crystallized Cudahy 
pepsin filter cake was dissolved in saturated sodium acetate solution so that the 
final volume was 400 ml. This solution was placed in a collodion bag of 500 ml. 
volume. The collodion bag containing the enzyme solution was placed in 2 liters 
of 3 M sodium acetate and ketene passed in for 35 hours. The solution was filtered, 
and the protein precipitated and crystallized as above. 

Analytical results found in Table I are typical of several preparations 
of each product. The derivatives were crystallized and were, in 
general, more stable than pepsin, possibly because they were less 
soluble than pepsin. 

The experimental procedure for the preparation of ‘‘100 per cent 
active*’ acetyl pepsin by acid hydrolysis of the “60 per cent active” 
acetyl pepsin is discussed on page 248. 

Evidence Concerning the Purity of the Crystalline Acetyl Derivatives of 

Pepsin 

Fractionation Experiments. —^No evidence could be found for the 
existence of an acetyl derivative whose specific activity was between 
100 per cent and 60 per cent of the activity of pepsin. This follows 
from the results of the fractionation experiment summarized in 
Table II. A large portion of a reaction mixture, the specific activity 
of which had been reduced to 75 per cent of its original value by acety¬ 
lation with ketene, could be fractionated into two parts possessing 
approximately 60 per cent and 100 per cent of the specific activity of 
pepsin. Further fractionation failed to demonstrate any protein frac¬ 
tion possessing a lower specific activity. 

It might be supposed that the “60 per cent active” acetyl pepsin 
was not a pure compound but a mixture or solid solution of pepsin 
and an inactive or weakly active acetyl derivative. Table III con¬ 
tains the results of some experiments designed to test this question. 
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The results in Part A are typical of several fractionation experiments 
on a nxunber of the ten to fifteen preparations of ‘‘60 per cent active” 
acetyl pepsin. The results in Part A show that the ‘‘60 per cent 
active” acetyl pepsin, as ordinarily prepared, could not be fractionated 
into pepsin and a protein having a lower specific activity. A protein 
having an activity corresponding to that of pepsin was separated but 
the amount was insignificant though this amount of the material 
brings out the sensitivity of the fractionation experiments in detecting 


TABLE II 

Fractionation of a Reaction Mixture Possessing 75 Per Cent of the Original Activity 



No. 4 of Dec. 28,1933, reaction mixture 

pH 6.0. 

No. 1 -f 5 ml. of 5 N sulfuric acid, stirred 

till precipitate dissolved; pH 4.5. 

No. 2 + 7 ml. saturated magnesium sul¬ 
fate; filtered. 

Residue No. 3 dissolved in water. 

Filtrate No. 3 + 9 ml. saturated magne¬ 
sium sulfate; filtered; filtrate. 

No. 4 after samples had been removed... 
No. 6 + 4 ml. saturated magnesium sul¬ 
fate ; centrifuge; decant. 

Residue No. 7 + water. 



the presence of even closely related substances. Part B of Table III 
reveals that an equimolecular mixture of pepsin and “10 per cent 
active” acetyl pepsin which resembled very closely the “60 per cent 
active” acetyl pepsin could be fractionated with comparative ease 
into two fractions having higher and lower activities than the mixture. 
It seems probable, therefore, that the “60 per cent active” acetyl 
pepsin prepared according to the directions in the previous section is 
not a mixture or solid solution of the original pepsin with a derivative 
of very low activity. 
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TABLE III 

Fractionation of **60 Per Cent Active'* Acetyl Pepsin and of a Mixture of Pepsin and 
10 Per Cent Active Acetyl Pepsin 


Enzyme Solutions 

2 X crystallized Cudahy pepsin Nov. 1,1933, 
dissolved in water + sodium acetate; con¬ 
centration adjusted with water. 

No. 10 of Sept. 25,1933, “10 per cent active” 
acetyl pepsin + saturated magnesium sul¬ 
fate, filtered; residue dissolved in water + 

sodium acetate. 

No. 5 of October 23,1933, “60 per cent active” 

acetyl pepsin. 

Part A, Fractionation of **60 Per Cent 
Active'* Acetyl Pepsin 

No. 3 -f acid to pH 4.5; + equal volume satu¬ 
rated magnesium sulfate; filter; residue dis¬ 
solved in m/10 pH 4.65 acetate buffer. 

No. 4 + 22 ml. saturated magnesium sulfate; 

stirred; centrifuge; decant. 

Residue No. 5 + water. 

Supernatant No. 5 + 40 ml, saturated mag¬ 
nesium sulfate; stirred; (test showed 
practically no protein in solution) + 20 ml. 
m/10 pH 4.65 acetate buffer; stirred 10 min¬ 
utes and filtered; filtrate. 

Part B. Fractionation of an Equimolecu- 
lar Mixture of Pepsin and **10 Per 
Cent Active** Acetyl Pepsin 
10 ml. No. 1 + 10 ml. No. 2 (crystals formed; 
4 ml. 4 N sodium acetate added to dissolve 
these crystals; to neutralize the sodium 
acetate 3 ml. of 5 n sulfuric acid was added; 

1 ml. removed for analysis). 

No. 8 + 1.2 ml. saturated magnesium sulfate 

with stirring; centrifuge; decant. 

Residue No. 9 dbsolved in water. 

Supernatant No. 9 + 10 ml. saturated magne¬ 
sium sulfate; centrifuge; supernatant. 




N/ml. 

[p. u.iRb 



6 

I 

1 

Total 

Protein 

1 

1/mg.P.N. 

1 

Total P. N. 



mg. 

mg. 



mg. 

per 

ceiU 

1 


5.65 

5.50 

1.13 

0.21 





6.3 

5.50 

0.20 




I 


11.3 

10.30 

1.30 





75 

7.14 

6.9 

0.84 



100 

5 

6 

13 

11.1 

10.6 

1.3 

0.123 

138 

27 

7 

160 

0.203 

0.12 

0.026 

0.22 

19 

4 

8 

26 


4.1 

0.50 

0.12 


100 

9 

10 

5 



0.31 

■ 

23 

21 

11 

40 

0.69 



B 

14 

13 
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Solubility Experiments 

Experimental Procedure—Tht methods used in these solubiUty detenninations 
were identical with those described by Northrop (16). 

The solubility of a pure substance is independent of the quantity of 
solid phase. Northrop (2) found that in all the solvents used pepsin 
solubilities agree with this rule and the results indicate, therefore, 
that pepsin is a pure substance. 



Fig. 6. Solubility of amorphous “100 per cent active” acetyl pepsin and of 
amorphous “60 per cent active” acetyl pepsin in 0.05 m pH 4.65 acetate buffer 
and 0.5 saturated magnesium sulfate. 

The solubilities of two of the acetylated pepsin preparations have 
been determined. The results of these experiments are plotted in 
Fig. 6. They are also summarized with the pepsin solubilities in 
Table IV. The results show definitely that the specific activity, i.e. 
ratio of activity to protein nitrogen, is constant and independent of 
the quantity of solid phase present. This confirms the results of the 
fractionation experiments. The points obtained in the region of a 
small quantity of solid material for the “60 per cent active” acetyl 
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pepsin do not fall on the theoretical curve. Although the figures are 
small and consequently subject to a greater percentage error, the 
writers believe that the results are significant in demonstrating that 
the material, as prepared, is a solid solution of two or more substances 
having nearly the same specific proteolytic activity. 

Solubility of Acetylated Pepsin in the Presence of Pepsin 

Experimental Procedure ,—The suspensions of “60 per cent active” acetyl pep¬ 
sin and of pepsin used in the solubility experiments of the previous section were 
used in the present experiments. The solvent was also the same (0.5 saturated 
magnesium sulfate—0.05 m pH 4.65 acetate buffer). The two suspensions were 
mixed in varying quantities, keeping the final volume constant. They were then 


TABLE IV 


Solubilities of Pepsin and Acetyl Derivatives 

« , . _fo.5 saturated magnesium sulfate sp. gr. 1.295 

0 ven |q ^ pjj 4 acetate buffer 

Temperature =» 25°C. =h 2°C. 


Material 

N/ml 

Amorphous 

Crystalline 

Pepsin (Northrop). 

mg. 

1.0 

mg. 

0.22 

Pepsin (Herriott). 

1.1 


“100 per cent active” acetyl pepsin. 

0.33 


“ 60 per cent active” acetyl pepsin. 

0.12 

0.06 


dissolved in the acetate buffer part of the solvent and precipitated by stirring in 
the saturated magnesium sulfate just as in the solubility experiments. In every 
case there was an excess of solid of both constituents after precipitation. They 
were then filtered and the filtrates analyzed for activity and nitrogen. 

The results of this experiment are shown in Fig. 7. They bring 
out quite clearly that the ‘'60 per cent active’’ acetyl pepsin forms 
solid solutions with pepsin. 

Constancy of Properties during Fractional Crystallization 

Table V contains the analyses of seven fractional crystallizatioDs 
of a preparation of “60 per cent active” acetyl pepsin. In the course 
of seven recrystallizations there is a loss of 80 per cent of the original 
material but no drift in any of the properties measured. 
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Increase in Specific Activity on Removal of Acetyl Groups by Acid 

Hydrolysis 

Since pepsin is instantly denatured in alkaline solution preliminary 
studies of the hydrolysis of acetyl groups from acetylated pepsin were 



Fig. 7. Solubility of mixtures of amorphous p>epsin and amorphous “60 per 
cent active” acetyl pepsin in 0.05 M pH 4.65 acetate buffer and 0.5 saturated 
magnesium sulfate. 


TABLE V 


Constancy of Properties of ”60 Per Cent A ctive” Acetyl Pepsin during Fractional 

Crystallization 


Crystallization No. 

Quantity of crystals 

1PUC.P.N. 

pH 4.7 

1 

gm, 

62 

0.125 

83 

2 

40 


92 

3 

36 

0.123 

84 

4 

30 

0.125 

94 

5 

20 

0.118 

85 

6 

15 


84 

7 

10 


86 


carried out in acid solutions. At room temperature and with an 
acid concentration in which the hydrolysis of acetyl groups was appre¬ 
ciable there was too great a loss of enzyme through inactivation. By 













ROGER M. HERRIOTT AND JOHN H. NORTHROP 


249 


TABLE VI 


Increase in Specific Activity on Removal of Acetyl Groups by Acid Hydrolysis 


Procedure 


Acetylated pepsin No. 15 of July 

11,1933. 

No. 1 diluted with water to 2000 
ml; cooled to 10®C. and poured 
into 2000 ml. of cold 2.5 N sul¬ 
furic acid with mechanical stirring; 
pH (electrometric by hydrogen 
electrode) = 0.02. A light pre¬ 
cipitate formed. 

5 ml. suspension No. 2 -f 5 ml. 1.3 

N sodium acetate. 

5 ml. suspension No. 2 -f- 5 ml. 1.3 

N sodium acetate. 

5 ml. suspension No. 2 5 ml. 1.3 

N sodium acetate. 

Aliquot of suspension filtered. 

5 nil. filtrate No. 6 + 5 ml. 1.3 n 

sodium acetate. 

5 ml. suspension + 5 ml. 1.3 n 

sodium acetate. 

5 ml. filtrate + 5 ml. 1.3 n sodium 

acetate. 

5 ml. suspension + 5 ml. 1.3 N 

sodium acetate. 

5 ml. filtrate + 5 ml. 1.3 N sodium 

acetate. 

Suspension filtered after 67 hours in 

acid. 

Filtrate No. 12 + 950 ml. saturated 
sodium acetate pH 2.5; + 2000 
ml. saturated magnesium sulfate; 
filter. Residue dissolved in ace¬ 
tate buffer. 

[al“pH4.s “ 90. Crystals were 
indistinguishable under the mi¬ 
croscope from pepsin 
Residue No. 12 dissolved in water 
+ sodium acetate pH 3.8. 






















250 


CRYSTALLINE ACETYL DERIVATIVES OF PEPSIN 


TABLE vr —Concluded 



hrs. ml. mg. mg. 


No. 14 cooled to 10®C. and added 
to 800 ml. cold 2.5 n sulfuric acid; 

a light precipitate formed.15 1600 

5 ml. suspension No. 15 -f 5 ml. 1.3 

N sodium acetate. 16 0.270 0.018 0.048 0.18 

5 ml. suspension + 5 ml. 1.3 N 

sodium acetate. 17 16 0.28 0.012 0.048 0.17 

Aliquot of suspension filtered.18 

5 ml. filtrate No. 18 + 5 ml. 1.3 N 

sodium acetate. 19115 0.038 0.018 0.0091 0.24 

5 ml. suspension + 5 ml. 1.3 N 

sodium acetate. 20115 0.1100.0200.0216 0.20 

5 ml. suspension + 5 ml. 1.3 n 

sodium acetate. 21210 0.0990.03 0.021 0.21 

Suspension + 550 gm. sodium ace¬ 
tate; saturated with crystalline 

magnesium sulfate; filtered.22 

Residue No. 22 dissolved in acetate 
buffer; + equal volume of satur¬ 
ated magnesium sulfate; filtered. 

Residue — 15 gm., dissolved in 

water + acetate buffer, pH 4.5.. 23 2517.7 0.8 3.5 0.20 2 2 

carrying on the hydrolysis at 10°C. there was practically no loss of 
protein in 10 days. Table VI contains the description and results of an 
experiment on the acid hydrolysis of an acetylated pepsin preparation. 
The results show that with the removal of acetyl groups there was an 
increase in specific activity. The specific activity rose to that of 
pepsin where it remained practically constant. The acetyl content 
of the protein changed from eight or nine acetyl groups to three or 
four. Since there were still no free amino groups it is probable that 
these three or four acetyl groups are on the primary amino groups of 
pepsin and that this compound, therefore, corresponds to the “100 
per cent active” acetyl pepsin prepared directly by slow acetylation 
of pepsin. On subjecting this material to a much longer treatment 
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with add a substance was obtained which has the same specific 
activity but now has two free amino groups and only two acetyl 
groups per molecule. 

It is interesting to note that in general hydrolysis of acetyl groups 
linked to nitrogen atoms (R — NH — C — CHs) requires very strong 

O 

acid or alkali and high temperatures, whereas acOtyl groups linked to 
oxygen (R — 0 — C — CH 3 ) are hydrolyzed with comparative ease. 


O 

TABLE VII 

Specific Activity of *^60 Per Cent Active'^ Acelylated Pepsin by Different Methods 


Substrate 

Method 

Crystalline pepsin 

•^•UW.P.N. 

Crystalline “60 per 
cent active" 
acetyl pepsin 

IPUW.P.N. 

Hemoglobin 

Colorimetric estimation of 
liberated tyrosine 

0.23 

0.13 

Casein 

Viscosity (increase) 

310 

190 


Viscosity (decrease) 

1700 

850 


Solution 

0.55 

0.25 

Edestin 

Viscosity (decrease) 

2200 

1100 


Formol 

7 X 10-3 

1 4 X 10-3 

Gelatin 

Viscosity (decrease) 

24 

17 

Rennet 

Viscosity (increase) 

33 X 10* 

23 X 10* 


General Properties 

Activity by Various Methods .—The specific activity ([P.U.] mg.p.N.) 
of a preparation of “60 per cent active’^ acetyl pepsin was determined 
by several different methods as described by Northrop (17). Although 
the specific activity of pepsin has been determined previously, using 
these same methods, the measurements are not all precisely reproduc¬ 
ible (owing to variations in the substrate preparations) so that the 
activity of a standard pepsin solution was measured at the same time. 
The results given in Table VII show, within the limits of the methods. 
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that the '"60 per cent active'' acetyl pepsin is a little over half as active 
as pepsin, by all of the methods tried. 

pH Activity Curves—It was thought that the shape of the pH 
activity curve of pepsin might be altered when the enzyme was acety- 
Jated. The pH activity curves of %0 per cent active" acetyl pepsin 
and of pepsin were determined by three different methods. The 
results in Fig. 8 show that the shape of the pH-activity curve of 
pepsin is not changed by acetylation of pepsin. 

Experimental Procedure 

1. Enzyme Concentration .—The enzyme solutions were diluted for each 
measurement so that the hydrolysis of the protein was carried to the same extent 
in each case. The activity was calculated as the reciprocal of the concentration of 
enzyme required to cause the same rate of hydrolysis at the various pH and is 
expressed as per cent of the maximum activity. 

2. Substrates .—Aliquots of dissolved Hoffmann La Roche crystalline edestin 
and dialyzed Ox carbon monoxide hemoglobin solutions were added to equal 
volumes of hydrochloric acid of different concentrations. The pH of the solutions 
were determined electrometrically by a hydrogen electrode. The final concentra¬ 
tion of edestin was 3 per cent and of hemoglobin was 2 per cent. 

3. Methods — 

(a) Hemoglobin: 

1. Phenol-colorimetric, see Anson and Mirsky (18). 

2. Non-protein nitrogen. 1 ml, of enzyme solution was added to 5 ml. of 
hemoglobin in a 50 ml. test tube. After 5 minutes the reaction was stopped by 
adding 10 ml. of m/5 pH 7.3 phosphate buffer from another 50 ml. test tube. 
The solution was mixed quickly by pouring back and forth from one tube to the 
other and then heated to boiling for 1 minute after which it was cooled quickly. 
This suspension was filtered through a Whatman No. 42 filter paper and re¬ 
filtered if the filtrate was not perfectly clear. 5 ml. of the filtrate was analyzed 
by the Kjeldahl method for total nitrogen (19). 

{b) Edestin: 

1. Non-protein nitrogen. 20 ml. of 3 per cent edestin solution and 5 ml. of 
enzyme solution were brought to 35.5®C. in two 50 ml. test tubes and then 
mixed by pouring from one test tube to the other. After mixing, 5 ml. of the 
mixture was pipetted into each of three 50 ml. test tubes. The hydrolysis in 
the tubes was stopped after 1,5, and 10 minutes by the addition and subsequent 
mixing of 5 ml. of 0.1 saturated sodium sulfate solution. After allowing these 
solutions to stand 20 minutes they were filtered through Whatman^s No. 42 
filter paper and 5 ml. of the filtrate analyzed for total nitrogen. The results of 
the three determinations at each pH were plotted, the slope determined and 
then corrected for the enzyme concentration. These corrected figures are 
plotted in Fig. 7 as per cent maximum activity against the pH. 
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Isoelectric point— the primary amino groups are altered in 
the acetylation of pepsin one might expect a difference between the 
isoelectric points of the acetylated products and the original p>epsin. 
Northrop (16) has found from minimal solubility and cataphoresis 
experiments that the isoelectric point of pepsin is close to pH 2.7. 
Microscopic examination (20) of an amorphous suspension of “60 per 
cent active ’ acetyl pepsin in hydrochloric acid of different concentra- 



Fro. 8. Percentage activity at various pH of pepsin and “60 per cent active” 
acetyl pepsin. 

tions revealed no change in the direction of migration. The particles 
of acetyl pepsin migrated to the anode at pH 3.0 and at pH 0.0 show¬ 
ing that within this range of pH the enzyme was negatively charged. 
The Tninimal solubility was determined for the “60 per cent active” 
and for the “100 per cent active” acetyl pepsins. In these experi¬ 
ments a large excess of solid material was present. The results plotted 
in Fig. 9 represent the solubilities of the amorphous materials in 
sulfuric acid solutions. 
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Experimental Procedure 

Enzyme Solutions ,— 

(a) ‘‘100 per cent active*' acetyl pepsin Dec. 13, 1933, containing 8.7 mg. 
PN/ml. and less than 2 per cent non-protein nitrogen. 

{h) “60 per cent active” acetyl pepsin Dec. 13,1933, containing 16 mg. PN/ml. 
and 4 per cent non-protein nitrogen. 

Procedure ,—3 ml. of enzlyme solution was added to 10 ml. of sulfuric acid of 
various concentrations at 23®C. with rapid stirring in a 50 ml. centrifuge cup. 
After stirring for 1 minute they were centrifuged and the clear supernatant liquid 



Fig. 9. Solubility of amorphous “100 per cent active” and “60 per cent active” 
acetyl pepsin in various concentrations of sulfuric acid. 

analyzed for nitrogen, activity, and pH. Stirring for a longer time did not alter 
the solubility appreciably. The pH was determined electrometrically with a 
hydrogen electrode. 

The results in Fig. 9 show no minimal solubility but a very gradual 
decrease in solubility as the pH decreases. These results confirm 
the cataphoresis experiments in showing that the acetylated products 
have no isoelectric point. 

Titration Curves ,—The titration curves of pepsin and three of the 
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acetylated products were determined, corrected, and are plotted in 
Fig. 10. In titrating the ‘40 per cent active” acetyl pepsin, constant 
E.M.F. readings could not be obtained in solutions more alkaline than 
pH 9.0. The drift was toward the acid region which seems to indicate 
that some hydrolysis takes place in solutions more alkaline than pH 
9.0 and the hydrolysis products combine with the alkali. Up to 
pH 9.0 the E.M.F. readings were perfectly constant. 

It might be expected that acetylation of the amino groups in pepsin 
would result in a difference in the titration curves at approximately 
pH 8.0 where the free amino groups usually titrate. This difference, 
however, of four amino groups per molecule is only 0.05 millimol of 
combined sodium hydroxide per gram of protein which could not be 
detected with any degree of certainty. 

Experimental Procedure 

The crystal J&lter cakes of the different acetyl preparations were washed a number 
of times with half saturated magnesium sulfate and while on the funnel from the 
last filtration were washed with small quantities of dilute hydrochloric acid until 
the filtrates gave no sulfate precipitate on the addition of barium ion. The hydro¬ 
chloric acid was washed out with n/10 potassium chloride solution. 10-15 gm. of 
filter cake was then stirred to a paste and diluted to 50 ml. with n/10 potassium 
chloride solution and the suspension placed in a cell connected to a calomel half 
cell by means of a saturated potassium chloride-agar bridge. The solution was 
stirred rapidly but did not foam. 2.05 n sodium hydroxide was run into the 
suspension from a 5 ml. buret through a long capillary extending under the 
surface of the solution. A hydrogen electrode, standardized before and afterwards 
with n/10 hydrochloric acid was used in the determination of e.m.f. When the 
solution reached pH 12.0 the volume and nitrogen content were determined. 

Enzyme Preparations Used for Titration Curves. 1. Pepsin. —Twice crystal¬ 
lized pepsin No. 1 of Nov. 21, 1933, contained 10 per cent non-protein nitrogen. 
4.8 gm. of pure protein calculated from the nitrogen analysis was used. 

2. ^*100 Per Cent Active'' Acetyl Pepsin.—l^o. 3 of Dec. 7, 1933, contained 4 
per cent non-protein nitrogen; 2.8 gm. of pure protein was used. 

3. '^60 Per Cent Active" Acetyl Pepsin.—^o. 13 of June 12, 1933, and recrys¬ 
tallized on Dec. 10, 1933, contained 3 per cent non-protein nitrogen. 3.5 gm. of 
pure protein was used. 

4. *'10 Per Cent Active" Acetyl Pepsin.—'Dtc. 28, 1933, contained 4 per cent 
non-protein nitrogen; 4.3 gm. of pure protein was used. 

Acid and Alkali Inactivation. —In studying the acid and alkali 
inactivation of acetylated pepsins it was hoped that some difference 
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would develop which would indicate a new characteristic property 
produced by the introduction of acetyl groups into the pepsin mole¬ 
cule. The results are graphically represented in Figs. 11 and 12. In 
Fig. 11 the points for pepsin were taken from Northrop (21). The 
procedure in the experiment on the acid inactivation of acetylated 
pepsin was the same as that used with acid inactivation of pepsin (21) 
so that the results may be compared. The change in activity could 



Fig. 10. Titration curves of pepsin and three different acetyl derivatives of 
pepsin at 20°C. 


not be used as a measure of the loss in protein in the acid inactivation 
of acetylated pepsin for in strong acid the acetyl groups are hydro¬ 
lyzed resulting in an increase in the specific activity of the protein. 

Experimental Procedure 

1. Adi Inacthation .—5 gm. of once crystallized “60 per cent active” acetyl 
pepsin filter cake was dissolved in 250 ml. of water with the aid of sodiuni acetate. 
5 of this solution was added to 20 ml. of various concentrations of hydrochloric 
acid; the solutions were kept at SS’C. and analyzed immediately and after 24 hours 
for protein nitrogen. 
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Tjxw ^l^^j^valton.^-The enzyme solutions were made up to contain 3 mg. 

PN/ml. 1 ml. of this enzyme solution was then added to 5 ml. of m/ 1 phosphate 



pH 

Fig. 11. Per cent inactivation of pepsin and **60 per cent active^' acetyl pepsin 
in various concentrations of hydrochloric acid at 35®C. 



buffer at various pH and allowed to stand at 23*’C. After 5 minutes 5 ml. of this 
solution was titrated with 5 ml. of sulfuric acid of a concentration to bring the 
resulting solution to pH 6.0. 1 ml. was diluted for activity measurements by the 
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hemoglobin method, the dilutions being so arranged that approximately the same 
colorimeter reading was obtained. 

The results plotted in Figs. 11 and 12 show that the acid and alkali 
inactivation of acetylated pepsin solutions follow approximately the 
same course as that of the parent protein, pepsin. 

One point might be mentioned which is not revealed in the figures 
and which, though not a difference in the proteins is of some interest. 
A few moments after the acetylated pepsin was mixed with the 6 M 
hydrochloric acid a precipitate formed which remained during the 24 
hours of the experiment. This precipitate was approximately 80 per 
cent of the original protein. It was completely inactive and insoluble 
under conditions in which the original material was active and soluble. 
It was found to be denatured protein. Northrop (21) anticipated 
the presence of denatured pepsin protein in strong acid solutions but 
failed to find it. It appears that his solutions were not carried to 
concentrated enough acid for on similarly treating pepsin with 6 m 
hydrochloric acid the protein precipitated as denatured protein. 

EXPERIMENTAL METHODS 

Acetylation with Ketene 

The ketene used throughout this work was prepared by the thermal decompo¬ 
sition of acetone by means of a generator described by Herriott (14). A 500 ml. 
round bottom flask was employed to hold the acetone. A few alundum chips 
prevented superheating and bumping of the acetone as it was heated on a steam 
bath. A long water condenser followed by an ice trap removed most of the poly¬ 
mers of ketene and the escaped acetone vapor. The ketene was passed into the 
pepsin solution through an inverted 25 mm. funnel. It was found that a 500 ml. 
wide mouth Erlenmeyer flask was the most convenient container for the enzyme 
solution since it allowed the ketene to be introduced, the solution to be stirred with 
a mechanical stirrer, and samples to be removed without interference. During 
long (10 hour) exposures to ketene the Erlenmeyer flask was kept in water at 
25®C. ±2® for there is some heat developed on the introduction of ketene into the 
solution. 


pff Determinations 

In general the pH estimations were made by the colorimeter method using the 
indicators recommended by Clark (22). 
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Activity Determinations 

Unless otherwise specified the activity determinations throughout this paper 
were made by the colorimetric method of Anson and Mirsky (18). 

Nitrogen Determinations 

Protein nitrogen has been determined as the difference between the total nitro> 
gen and the non-protein nitrogen. This is justifiable when the non-protein 
nitrogen is a small part of the total nitrogen. The enzyme solutions were diluted 
to contain 1-2 mg. of nitrogen per ml.; 1 ml. was used for the total nitrogen; 2 ml. 
was placed in a 50 ml. centrifuge cup and 10 ml. of boiling 5 per cent trichloro¬ 
acetic acid added; the cup was shaken a moment and placed in a beaker of cold 
water. After cooling the suspension was filtered and 6 ml. of filtrate used for 
nitrogen analysis. This is the non-protein nitrogen. All nitrogen determinations 
were made by the micro Kjeldahl method as described by Northrop andKunitz 
(19). 


Acetyl Estimation 

A volume of enzyme solution containing 0.5-0.75 gm. of protein was placed in a 
150 ml. beaker and this in turn placed in water at approximately 45®C. At least 
five times that volume of boiling 5 per cent trichloracetic acid was added and the 
beaker placed immediately in ice water and the solution stirred rapidly. This 
treatment precipitates the protein and cools the resulting suspension in a very 
short time. After cooling the suspension was filtered without suction and the 
precipitate washed with distilled water until the filtrate was blue when tested with 
the indicator brom cresol green indicating that the filtrate was pH 5.0 or more. 
This usually required from 15-20 washings with water. The washing removed 
the acetic acid which had been present in the solution as acetate buffer but was 
converted to acetic acid by the excess trichloracetic acid. The denatured protein 
is completely insoluble under these conditions. When the precipitate had been 
washed free of acid most of the water was drawn off with the aid of suction and the 
precipitate dissolved in a small amount of dilute alkali or sodium phosphate. After 
the precipitate had dissolved completely 1 ml. of 4 m sodium hydroxide was added 
and 1 ml. of solution withdrawn and analyzed for nitrogen from which the protein 
content was calculated. The remaining liquid (approximately 11 ml.) was put 
into a test tube and allowed to stand at 35®C. for at least 5 days. After this time 
10 ml. was put into a 150 ml. modified Claissen distilling flask with 5 ml. of 85 per 
cent phosphoric acid (reagent grade) and 0.2 ml. of octyl alcohol. The alcohol 
prevents foaming of the protein which would otherwise render vacuum distillation 
impossible. The distilling flask was kept at 50H30°C. on a water bath while the 
receiving flask was cooled with running water. Distillation was carried out for IS 
minutes at 20 mm. of mercury pressure. At the end of this time the receiving flask 
was removed, the sides washed down with a few ml. of water, a drop of 0.5 per cent 
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phcnolphthalein added, and the solution titrated to a faint with n/50 sodium 
hydroxide. As a check on the titration figure and on the identity of the acid as 
acetic acid a drop of 0.1 per cent brom cresol green was added and the solution 
titrated back to pH 4.7 corresponding to the pA: of acetic acid, with n/50 hydro¬ 
chloric acid. The second titration will be half of the first titration if only acetic 
acid is present in the distillate. After the titration the receiving fiask was rinsed 
out with distilled water and fitted onto the distilling fiask. 5 ml. of water and 0.2 
ml. of octyl alcohol were added to the distilling fiask and the distillation, followed 
by the titration, was carried out as before. This was repeated a third time which 
was usually sufficient to carry over nearly all of the acetic acid. A blank of 0.10 
ml. of n/50 sodium hydroxide for each distillation and titration was deducted from 



Fig. 13. Change in acetyl groups per molecule of protein during acetylation. 

the total titration value before the amount of acetic acid distilled over was calcu¬ 
lated. 

The above procedure was used for most of the acetyl estimations but in the case 
of pepsin a small amount of trichloracetic acid survived the washing and distilled 
over. This acid was probably combined with the free NH 2 groups as a salt. It 
was detected by the second or back titration to pH 4.7 When dilute sulfuric acid 
was used in place of trichloracetic acid this difficulty was avoided. 

To illustrate the precision of this method of acetyl estimation the increase in 
acetyl groups per molecule is plotted against the time of acetylation in Fig. 13. 
Curves I and II were obtained from the same experiments as Curves I and II of 
Fig. 3 were. 

Acetyl estimations were made on pepsin and acetylated pepsin by two methods 
other than the one described above. One of the two methods consisted in heating 
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a mixture of 5 ml. of protein solution and 50 ml. of a 25 per cent solution of ^-tolu- 
enesulfonic acid to 110°C. for 6 hours under a redux condenser followed by the 
usual vacuum distillation and titration of the liberated acetic acid. In the other 
procedure the protein, in 0.4 n NaOH, was heated to lOO^C. under a reflux con¬ 
denser for varying periods of time up to 5 days and the liberated acetic acid deter¬ 
mined as in the other methods after acidifying the alkaline digest. 2 ml. of molar 
cadmium sulfate was introduced into the distilling flask to retain any hydrogen 
sulflde, which is liberated on acidification of the digest. The results of the three 
methods agreed although by the last method a slightly higher acetyl figure was 
obtained for both pepsin and the acetylated pepsin but the difference agreed with 
the figures obtained by the other two methods. 

Amino Nitrogen 

Pepsin decomposes rapidly into non-protein split products which have a high 
amino nitrogen content and which can be removed only with difficulty. The pepsin 
protein was therefore denatured, washed, and dissolved before analyzing for amino 
nitrogen. It was denatured by adding five times its volume of boiling 5 per cent 
trichloracetic acid and the resulting suspension cooled quickly in cold water. 
After washing the precipitate at least three times with several volumes of water 
or 2.5 per cent trichloracetic acid the residue was dissolved in dilute alkali or 
phosphate buffer. The pH of the dissolved denatured protein was below pH 8.0. 
These solutions contained from 40-60 mg. of protein per ml. An aliquot of the 
solution was analyzed for total nitrogen from which the protein content was 
calculated. The amino nitrogen was determined on the Van Slyke micro appa¬ 
ratus (15). The nitrous acid-protein mixtures were shaken for 20 minutes. Most 
of the amino nitrogen estimations were made on solutions of the washed trichlor¬ 
acetic acid precipitate. These analyses were easily reproducible and agreed with 
the figures obtained by analysis of native pepsin which had been washed with half 
saturated magnesium sulfate and which contained less than 3 per cent non-protein 
nitrogen. The figures obtained from analyses of these trichloracetic acid pre¬ 
cipitates were never higher than those obtained with native pepsin. This result 
shows that no hydrolysis of the protein occurs during denaturation unless there is 
a simultaneous coupling of an amino group at some other point. The ammo 
nitrogen content for native and denatured pepsin was also determined by Soren¬ 
sen’s formol titration as modified by Northrop (23) and found to agree with the 
values obtained by the Van Slyke nitrous acid method. 

SUMMARY 

Crystalline pepsin has been acetylated by the action of ketene in 
aqjieous solution at pH 4.0-5.5. As acetylation proceeds the activity 
decreases, the decrease being more rapid at pH 5.0—5.5 than at 4.0-4.5. 
Three acetyl derivatives have been isolated from the reaction 
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mixture and obtained in crystalline form. The crystal form of these 
derivatives is similar to that of pepsin. 

Fractionation and solubility determinations show that these prepa¬ 
rations are not mixtures or solid solutions of the original pepsin with 
an inactive derivative. 

A compK)und which contains three or four acetyl groups and which 
has lost all of its original primary amino groups can be isolated after 
short acetylation. It has the same activity as the original pepsin. 
A second derivative containing six to eleven acetyl groups has also 
been isolated. It has about 60 per cent of the activity of the original 
pepsin. A third derivative having twenty to thirty acetyl groups and 
about 10 per cent of the activity of original pepsin can be isolated after 
prolonged acetylation. The 60 per cent active derivative on standing in 
strong acid solution loses some of its acetyl groups and at the same time 
regains the activity of the original pepsin. The compound obtained 
in this way is probably the same as the completely active three acetyl 
derivative obtained by mild acetylation. These results show that 
acetylation of three or four of the primary amino groups of pepsin 
causes no change in the specific activity of the enzyme but that the 
introduction of acetyl groups in other parts of the molecule results in a 
marked loss in activity. 

The solubilities, amino nitrogen content, acetyl content, isoelectric 
point, and the specific activity have been determined by a variety of 
methods and found to be different from the corresponding properties 
of crystalline pepsin. The pH-activity curves, acid and alkali inac¬ 
tivation, and titration curves were not significantly different from the 
same respective properties of pepsin. 
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A CONVENIENT KETENE GENERATOR 

By ROGER M. HERRIOTT 

(.From the Laboratories of The Rockefeller Institute for Medical ^search, 
Princeton, N. J.) 

(Accepted for publication, April 21, 1933) 

A simple apparatus for the preparation of ketene (CH* = C=0) 
from acetone vapor is described by Ott, Schroter, and Packendorff 
(1). A more rigid and convenient apparatus has been designed and 
used by the writer (Fig. 1). Pyrex glass used in both the filament- 
support and bulb reduces the possibility of cracking or breaking. The 
removable filament-support makes it possible to replace the filament 
in a few moments. By turning up the ends of the 30 mill tungsten 
leads sealed into the glass, one may wind on the platinum or tungsten 
wire and thus rapidly replace the filament. 

Platinum wire (Brown and Sharpe gauge No. 30) across a 110 volt 
circuit gives satisfactory results. A resistance in series with the lamp 
regulated to let 2 to 6 amperes through the filament results in a rapid 
evolution of ketene; After 8 to 12 hours continuous use there is a 
carbonaceous deposit on the filament. This deposit, being extremely 
brittle, may be removed by drawing the platinum filament over any 
sharp edge. The wire is then ready to be used again. A duplicate 
support and filament may be constructed which will be ready to 
replace the one in use if it burns out or breaks. 

REFERENCE 

1. Ott, E., Schroter, R., and Packendorff, K., J. prakt. Chem., 1931, 130, N.S., 177. 
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A CONVENIENT KEXENE GENERATOR 



Fig. 1 


[Reprinted from The Journal of Biological Chemistry, September, 1934, 
Vol. 106, No. 2, pp. 605-614] 


A STUDY ON KERATIN 

By DAVID R. GODDARD* and LEONOR MICHAELIS 
{From the Laboratories of The Rockefeller Institute for Medical Research) 

(Received for publication, May 16, 1934) 

Keratins are the proteins of epidermal and skeletal tissues which 
are insoluble in the usual protein solvents, not digested by trypsin 
or pepsin, and high in cystine content. Such a definition inten¬ 
tionally excludes fibroin, the major protein of silk. It will be 
shown in this paper that keratins can be converted into proteins 
soluble in alkali or acid, with a definite optimum pH of flocculation 
(which may be interpreted as an isoelectric point), and digestible 
by trypsin or pepsin. This is accomplished by breaking the di¬ 
sulfide bonds of the protein. Papers on the oxidation of keratins 
have been published by Lissizin (1), Stary (2), and Waldschmidt- 
Leitz (3), who used bromine, permanganate, and H 2 O 2 as oxidants. 
Stary and Wal’dschmidt-Leitz have shown that the oxidized kera¬ 
tin is digested by trypsin. The oxidizing agents are not specific 
for the disulfide groups, but attack the protein molecule at other 
points, and they act very slowly. In contrast, the reductants will 
be shown to act very quickly and without bringing about any other 
appreciable chemical alteration than that concerned with the sul¬ 
fur. These agents dissolve keratin only at alkaline reaction (pH 
10 to 13), but the action is not due to alkali alone. Products pre¬ 
pared from the solutions behave as true proteins, and not as prod¬ 
ucts of hydrolysis. Their solutions are precipitated by ordinary 
protein precipitants such as sulfosalicylic acid and lose this 
property when digested by trypsin or pepsin. 

Reductants available for reduction of disulfide groups are thio- 
glycolic acid, potassium cyanide, sodium sulfide, and sodium sul¬ 
fite. The chemical process exhibited by these reagents on simple 

* National Research Council Fellow in the Biological Sciences. 
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disulfide compounds such as cystine can be formulated as follows: 

(1) R—S—S—R + 2HS—CH,COOH -►2R—SH + [S—CH,COOHh (see (4))* 

(2) R—S—S—R + HCN -» R—SH + R—S—CN (see (6)) 

(3) R—S—S—R + 2H,S ^ 2R—SH + H,S,t 

(4) R—S-S—R + H,SO, -► R—SH + R—S—S—OjH (see (6, 7)) 

Reactions 1 to 3 occur only in slightly alkaline solution; Reac¬ 
tion 4 is most rapid in neutral to mildly acid solutions. 

When keratin, such as wool or feathers, is treated with thiogly- 
colic acid at a pH of 10 or higher the reaction appears to be identi¬ 
cal with that on simpler disulfides. The reaction is a simple re¬ 
duction; no loss of sulfur occurs. The sulfhydryl protein can be 
reoxidized to the disulfide state, and this disulfide protein is still 
soluble in acid or alkali and digestible by trypsin or pepsin. 

The action of cyanide on wool is not quite so simple. A higher 
alkalinity is required (pH 12 to 13) and the proteins lose sulfur; 
however, the substances obtained behave as true proteins, not as 
products of hydrolysis. 

The dissolving action of sodium sulfide has been known for a 
long time and is used industrially. Kiister and coworkers (8) and 
Merrill (9) have considered the dissolving of keratin as a hydrol¬ 
ysis. Pulewka (10) and Speakman (11) realized that the action 
is on the disulfide groups. However, substances obtained behave 
as true proteins. In contrast to the cyanide preparations they 
contain more sulfur than the native keratin, though the cystine 
determinations by the Folin and Marenzi (12) method give the 
same values as the wool. It is likely that the action of NajS on 
keratins is not identical with its action on simpler disulfides and 
seems to be analogous to the action of sulfite on cystine, and a 
polysulfide is formed which behaves as cysteine in the Folin and 
Marenzi procedure. When such a protein is redissolved in weak 
alkali and reprecipitated with acid, it undergoes a loss in sulfur, 

* Dr. A. E. Mirsky called our attention to the use of thioglycolic acid as 
a protein reductant. Unpublished work from this laboratory has shown 
that cystine is reduced at mildly alkaline reaction by an excess of thiogly- 
colic acid. The cysteine has been almost quantitatively recovered by 
converting it to benzylcysteine. 

t Unpublished work from this laboratory has shown that cystine is 
reduced according to Reaction 3. The cysteine and disodium-disulfide 
have been recovered as benzyl derivatives. 
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but airways in such a way that the total sulfur exceeds the cystine 
sulfur calculated from the cystine determination on the same 
preparation. 

Sodiiun sulfite does not dissolve wool at an appreciable rate at 
any pH; so Reaction 4 has no practical significance for keratin. 

EXPERIMENTAL 

Most of the experiments were performed with native sheep wool, 
freed from fat by ether extraction. Other experiments with 
chicken feathers gave similar results. The wool was analyzed for 
cystine by the Folin and Marenzi (12) procedure, for nitrogen by 
the Kjeldahl method, and for sulfur by bomb combustion (13). 
The results, corrected for moisture, but not for ash, are as fol¬ 
lows: N 16.66, S 3.19, cystine 11.90, 11.86 (calculated according to 
sulfur content, 11.9). 

Protein Obtained with Thioglycolic Acid 

50 gm. of wool were dissolved in 2 liters of a 0.5 m thioglycolate 
solution. This solution was prepared by neutralizing 92 gm. of 
thioglycolic acid with twice the amount of concentrated NaOH 
necessary to neutralize it to the turning point of phenol red, and 
made up to 2 liters. (The pH of the solution is about 12.) After 
3 hours at 30® practically all the wool had dissolved. The mix¬ 
ture was filtered and the filtrate precipitated with 2 moles of gla¬ 
cial acetic acid, the precipitate collected on a filter, immediately 
twice ground with acetone made acid with HCl, washed with 
ether, and dried in vacuo. 

The yield was 30 gm. of dry white powder which was still con¬ 
taminated with a small amount of thioglycolic acid. The protein 
was freed of the last traces of thioglycolic acid by suspending in 
water and dialyzing for 3 days against distilled water in a cello¬ 
phane tube. The fact that the protein was free from thioglycolic 
acid was shown by the cobalt test described in the appendix. 
The protein obtained is insoluble in water or neutral salts, but is 
soluble in strongly acid or alkaline solutions. The dialyzed pro¬ 
teins gave directly a strong nitroprusside test. They are slowly 
oxidized by air in bicarbonate solutions. Then the nitroprusside 
test of the protein is positive only after addition of KCN. The 
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oxidized protein can be reduced over again by thioglycolic acid 
in bicarbonate buffers. 

Four preparations have been made from wool by treatment for 
1, 3, 6, and 24 hours with thioglycolate solutions. No increased 
yield is obtained after 3 hours. On varying the pH of the thio- 
glycolatc the wool docs not dissolve at pH 9.0; it dissolves slowly 
at 10.1, and rapidly at a pH of 11 or over. Control experiments 
with M sodium carbonate or ammonium hydroxide showed that no 
dissolving action occurred in the absence of thioglycolate. 

Analyses of two of the preparations are given below. The cys¬ 
tine determinations were made after first oxidizing the hydrolyzed 
protein with 3 per cent H 2 O 2 (as Dr. A. E. Mirsky suggested to us) 
and then following the Folin-Marenzi method. The nitrogen 
determination was by micro-Dumas. The figures are in percent¬ 
age of the dry weight and are not corrected for ash. 



Treated with 
thioglycolate 
for 24 hra. 

Treated with 
thiogyoolate 
for 3 hra. 

Sulfur. 

3.20 

3.13 

Nitrogen. 

15.71 

16.75 

Cystine. 

11.8 

11.9 

calculated from sulfur. 

12.0 

11.74 

Isoelectric point... 

4.6 

4.7 


Proteins Prepared by Potassium Cyanide 

Wool does not appreciably dissolve in 1 m KCN solutions, even 
in days, and in such a solution it turns dark brown to black. In 
0.1 N NaOH and m or 0.5 m KCN most of the wool dissolves in a 
few hours, and such solutions do not become black even after days. 
If the wool is first treated with NaOH, washed, and exposed to 
KCN, it does not dissolve. The preparation of the protein from 
the solution was analogous to that described above. 

A protein was prepared from wool by treating 60 gm. of wool 
with 2 liters of m KCN in 0.1 n NaOH. The yield was 17.6 gm. 
of dry protein. The protein is similar to that obtained by thio¬ 
glycolic acid. It is slightly more soluble, lower in sulfur and cyst¬ 
ine content. It gives the nitroprusside test and does not lose this 
property even when its alkaline solution is exposed to the air for 
days. Preparations made by treatment with KCN for 1, 6, 24, 
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and 48 hours had sulfur contents of 1.3, 1.7, 1.8, and 1.4 re¬ 
spectively. 

Analyses of two preparations are given below. 



Treated with 
KCN for 24 hrs. 

Treated with 
KCN for 6 hrs. 

Sulfur. 

1.8 

15.99 

4.7 

1.73 

14.79 

1.86, 1.87 
4.7 

NitroKen. 

Cystine. 

Isoelectric point. 



Preparation with Sodium Sulfide 

50 gm. of wool were dissolved in 2 liters of 0.5 m NajS. The 
protein was isolated as above. The S content was very high, due 
in part to free sulfur extractable by CS*. However, the final 
preparations gave high constant values of S, and this could not 
be decreased by further grinding with CS*. When the entire 
preparation of the protein is carried out under nitrogen, no free 
sulfur is formed, but the sulfur content of the protein is still high. 
The protein so isolated gave a negative nitroprusside test (even 
when prepared under nitrogen) unless first treated with KCN. 
The isoelectric zone is wide, but one preparation, as colloidal solu¬ 
tion made by dialyzing the Na*S-wool solution without previous 
precipitation, gave a sharp isoelectric point at pH 4.9. 

The analyses of two preparations are given below. 



Sample A. 
Treated with NatS 
for 48 hrs. 

Sample B. 
Treated with Na*S 
for 6 hrs. 

Sulfur. 

6.61, 6.55 

5.36 

Nitrogen ,... 

12.99 

13.62 

Cyatine. 

11.63 

11.4 

laoelectric pointy.... 

4.1-4.5 

4.2-4.6 



Sample A was redissolved in concentrated NH4OH, filtered, and 
reprecipitated with acetic acid. On analysis the results obtained 
were: S, 3.93; cystine, 6.94 (cystine S, 1.85). Both the original 
and the reprecipitated protein, though differing in total S, con- 
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tain approximately twice the amount of sulfur as corresponds to 
the cystine sulfur. 


Solubility and Flocculation 

All the proteins described above are insoluble in water and re¬ 
semble casein or denatured proteins. The dry proteins can best 
be dissolved in weak alkalies by grinding in a mortar with NajCOi 
or NaHCO*. In dilute NaOH they dissolve readily, but lose sul¬ 
fur. When the filtrate of wool dissolved in NaaS is dialyzed di¬ 
rectly for several days, the protein remains in solution, but it is 
precipitated by a trace of acetic acid. Among the dry proteins, 
the cyanide preparation dissolves most readily. 

The isoelectric points were estimated by the method of Michaelis 
and Rona (14). The dry proteins were ground with NaaCO* and 
water, and filtered, so that the solution was 0.1 m in NaaCOa and 
0.6 per cent in protein. To a series of test-tubes 1 cc. of protein 
solution and increasing amounts of acetic acid were added, so cal¬ 
culated that all the tubes had a total volume of 10 cc. and an 
arithmetical series of pH differing by 0.3 pH. The optimum of 
flocculation was taken as the isoelectric point, and its pH and that 
of the adjoining tubes was determined with the glass electrode. 
The results obtained are tabulated among the analyses above. 
The isoelectric points for these protein preparations are slightly 
lower than the isoelectric point of native wool. Speakman (15) 
and Elod and Silva (16) by independent methods obtained the 
values of 4.8 and 4.9. 

Digestion by Trypsin and Pepsin 

Trypsin, purified by the method of Anson and Mirsky (17), was 
added to suspensions of the proteins in bicarbonate buffers at pH 
of 8.5 to 8.8, and maintained at 37°. Samples were withdrawn 
and precipitated with sulfosalicylic acid. The controls showed 
complete precipitation, and practically all of the nitrogen was 
in the precipitate. The digestion series showed progressively less 
precipitation, and after 2 hours 90 to 95 per cent of the nitrogen 
was in the filtrate. All of the proteins described above are di¬ 
gested by trypsin, and the thioglycolic acid preparation is digested 
when it is either in the sulfhydryl or the disulfide state. 

The dry proteins were suspended in dilute HCl, pepsin was 
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added, and the mixture had a pH of 1.30. The suspensions, main¬ 
tained at 37®, gradually became clear due to digestion by the pep¬ 
sin. These solutions remained clear upon the addition of sulfo- 
salicylic acid. Nitrogen determinations on the filtrates of control 
showed practically complete precipitation, and on the digestion 
series about 80 per cent digestion. All the proteins described 
above were similarly digested, and the state of the proteins as 
sulfhydryl or disulfide did not affect the result. 


DISCUSSION 


The keratins and fibroin are similar in their insolubility in the 
usual protein solvents, and in their indigestibility by pepsin and 
trypsin, but that they are essentially different in structure is shown 
by the agents which bring about their solution. Fibroin, though 
not soluble in water, dilute acids, or alkali, is easily dissolved in 
concentrated solutions of certain neutral salts such as calcium sul- 
focyanate or lithium iodide (18) and also in cold concentrated hy¬ 
drochloric acid. These solutions can be easily reprecipitated, and 
the precipitate shows a fibrous structure. Wool cannot be dis¬ 
persed^ in any of those solvents that act on silk, but it can be 
readily dissolved in a series of agents that split the disulfide bond, 
as alkaline solutions of sodium cyanide, sulfide, and thioglycolate. 
These solutions do not dissolve silk in a perceptible degree. The 
protein, reprecipitated from a solution of wool in one of these 
agents, is never fibrous but amorphous. 

These properties are in good agreement with the known differ¬ 
ences in chemical composition and structure of these two classes 
of proteins. The x-ray diffraction studies of Brill (19) and Meyer 
and Mark (20) show that fibroin consists of fully extended poly¬ 
peptide chains, and these chains must be oriented parallel to each 
other chiefly by residual forces for fibroin contains no cystine and 
but very little diamino and dicarboxylic acids. The regularity of 
the fully extended chain of amino acids in silk seems to be sufficient 


I Von Weimarn claims that wool can be <i«Per«d m a concentrated 
boUing solution of calcium or lithium sulfocyanate at 180 . It is true that 
the w?ol dissolves very slowly, but the solution becomes 
nresence of sulfides can be demonstrated. So the action can be best inter¬ 
preted as a dissolution by alkaline sulfides formed from the slow decom- 
position of sulfocyanate. 
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to bring about a tight fiber structure, without lateral chemical 
links, but this is not the case in the keratins. The x-ray studies 
of Astbury (21) on mammalian hairs have shown that these pro¬ 
teins are crystalline with partially contracted polypeptide chains. 
Speakman (22) has pointed out the importance of the lateral links 
between parallel polypeptide chains, the bond of the disulfide 
group of cystine, and the polar link of diamino and dicarboxylic 
acids. The stability of the keratin molecule depends on these 
bonds. Once these two types of bridges have been broken by 
chemical attack, the keratins behave in their solubility and digesti¬ 
bility by proteolytic enzymes as denatured proteins. 

The sulfhydryl protein, produced by the action of thioglycolic 
acid on wool, can be reoxidized to the disulfide state by air, in 
moderately alkaline solution, or by hydrogen peroxide. The re¬ 
oxidized protein, in spite of its disulfide bonds, is still soluble in 
alkali, is enzyme-digestible, and has about the same isoelectric 
point. In the reoxidation of the sulfhydryl protein, the original 
crystalline pattern is not reformed, the disulfide bonds are no 
longer rungs of a ladder connecting parallel polypeptide chains. 
This shows that though the disulfide bond is essential for the prop¬ 
erties of native keratin, these properties cannot be ascribed to the 
purely chemical character of this group. It is the physical pattern 
of the keratin, with a definite spatial arrangement of peptide 
chains and disulfide bonds, which imparts to keratin its resistance 
to enzyme hydrolysis and dissolving agents. 

Mention should be made of the fact that all of the agents used 
to dissolve wool require a higher alkalinity than to reduce a simple 
disulfide such as cystine. The pH used is never high enough to 
dissolve wool of its own accord in a comparable time, yet the neces¬ 
sity of a distinctly alkaline reaction is striking and d^ands an 
explanation. 

The following hypothesis may be offered. The cross links be¬ 
tween peptide chains in keratin are of two kinds, disulfide links 
and bridges formed by the electrostatic attraction of the NHt* 
group of the diamino acids for the COO~ group of the dicarboxylic 
acids. These salt-hke hridges wih he hroken in alh^me sohxtiou 
by removal of a proton from the amino group. It appears that it 
is necessary to open these links before the disulfide groups may be 
reduced. 
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SUMMARY 

Keratin dissolves in Na 2 S, KCN, or thioglycolic acid at alkaline 
reaction. This effect is chiefly due to the splitting of the disulfide 
groups, which are essential for the maintenance of the fibrous 
structure of keratin. Chemically, the action of thioglycolic acid 
is the simplest; it simply reduces the disulfide to sulfhydryl groups 
with no other appreciable chemical change. The other reagents 
act in a more complicated way. The substances thus obtained 
are proteins. They are soluble in alkali or acid, with a definite 
isoelectric point, and they are digestible by pepsin and trypsin, 
even when secondarily the —SH group has been reoxidized to the 
—SS— stage, or when due to secondary reactions the sulfur con¬ 
tent has been greatly changed. 

Appendix 

Test for Thioglycolic Add —In order to test whether the protein 
prepared with thioglycolic acid is completely freed from this acid 
the following test was applied. A suspension of the protein in 
sodium pyrophosphate solution is mixed with a drop of a 1 per 
cent solution of cobalt sulfate. Any trace of free thioglycolic acid 
will develop, either immediately or after some time, on exposing 
the mixture to the air, a brown color. The sulfhydryl protein 
does not give this test, although it gives a positive nitroprusside 
test which is common for all sulfhydryl compounds. This test is 
based on the formation of strongly colored cobalti complexes of 
thioglycolic acid according to Michaelis and Schubert (23). The 
smallest amount of thioglycolic acid giving a distinct positive test 
in a volume of 1 cc. is approximately 0.05 mg. The oxidized form 
of thioglycolic acid, dithiodiglycolio acid, can be tested for with 
the same reagent, adding besides some Na^SOa which reduces the 
disulfide to the sulfhydryl compound. 
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THE CRYSTAL STRUCTURE OF TETRAMETHYL 
AMMONIUM FLUOSILICATE 

By ROBKRT B. COREY 

{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, April 16, 1934) 

Crystals of [(C7/3)4A ] 2 -S'iF 6 were prepared by slow evaporation of 
a solution of tetramethyl ammonium hydroxide sli^^htly acidified with 
hydrofluosilicic acid. The crystals were short, rectangular prisms 
with corners cut by (111) faces. Coniometric measurement failed 
to detect any departure from cubic symmetry but since under polar¬ 
ized light they are optically uniaxial, they must be considered as tetra¬ 
gonal {c:a = 1.00). Laue photographs taken parallel to the optic 
axis possessed four-fold symmetry but no planes, indicating that the 
structure is isomorphous with one of the hemihedral point groups 54, 
C 4 or C'J. Similar photographs with the X-rays traveling along the 
“crystallographic” a-axis showed no departure from complete four¬ 
fold symmetry. These photographs are reproduced in Figures 1 and 2. 

Oscillation photographs using C wA'-radiation were made about the 
four-fold axis, the crystallographic a-axis and [110]. All of the reflec¬ 
tions obtained on them and on the Laue photographs can be explained 
in terms of a unit cell having = 7.88 A, Co = 11. lOA, these axes being 
45° to those of the above crystallographic description. T'he density, 
obtained by the usual flotation method was determined to be 1.42, 
from which computation shows that the unit cell having the di¬ 
mensions given above will contain two molecules {m = 2.06). 

A few typical reflections from a Laue photograph are listed in Table 
I; data from oscillation photographs are shown in Table 11. Spectro- 
metric measurements of the intensities of reflections of the CuK a 
lines from all QM) and {hOl) planes having 26 < ca. 100° arc recorded 
in Tables III and IV. 

The samples used for spectrometric study were pseudocubic prisms 
mounted with shellac on fine glass rods, properly oriented by means of 
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a polarizing microscope and an optical goniometer, and finally reduced 
to cylindrical shape. The specimens needed for the (//K)) reflections 
could readily be set upon a basal face so that by careful manipulation 
very uniform cylindrical sections were obtained and the intensities 
from them showed very good agreement. Their averages, the aver¬ 
ages of the reflection F'’s derived from them and the maximum ob¬ 
served deviations from these /""''s are listed in Table 111. 



Fig. 1. Fk;. 2. 

Fig. 1. A Lauc photograph of [((7/3)4^12^1^6 taken with the X-ray beam parallel 
to the optic axis, showing four-fold symmetrv' but no planes. 

Fig. 2. A photograph similar to Figure 1, but with the X-rays traveling along the 
“crystallographic” u-axis. 

'Fhe samples for measuring ( /?()/) reflections were of necessity mounted 
upon a cube edge, which not only added much to the difficulties of 
manipulation, but also made it impossible to produce cylinders of 
uniform cross section throughout. In spite of the care taken to 
eliminate inequalities of surface and shape, the intensities obtained 
differed widely in the two specimens and in duplicate sets of readings 
made upon each crystal with the setting 180° from the original one. 
Variations as great as 50% were observed in measurements of (004), 
(006), (505), (501) and (107). Photographs taken before and after 
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TABLE I 


Reflections Found on a Laue Photograph of [{C^,)^N]^SiPs Taken with X-Rays 
___ to Crystallographic a-Axis 


Indices 2 molecule unit 


Estimated Intensity 


n\ 


107 

3,0,13 

217 

325 

433 

435 


m 

£- 

f 

f+ 

f- 

ff 


.320 

.279 

.300 

.497 

.405 

.298 


TABLE II 


Reflections Found on Oscillation Photographs of [(f:H^)tJ!i\aSiFt Taken with CuK- 

Radiation 


Indices 

2 molecule unit 

Est^ated 

Intensity 

Indices 

2 molecule unit 

Estimated 

Intensity 

Indices 

2 molecule unit 

Estimated 

Intensity 

Oscillation about 4-fold axis 


m— 

420 

f+ 

600 

m 


f 

440 

f 

620 

m 


m— 

510 

f- 

640 

ff 


m— 

530 

£ 

660 

ff 

400 

ff 






Oscillation about crystallographic a>axis 


004 

m— 


£ 

mm 

ff 

006 

s— 


£E 


f+ 

116 

m— 1 

336 

m— 


ff 

118 

£ 

444 

£- 

0,0,12 

£+ 

228 

£4- 

554 

ff 

2,2,12 

ff 

448 

f- 

008 

f+ 

330 

m 

3,3,10 

ff 

1,1,10 

ff 

440 

£+ 

220 

£+ 

112 

m 




Oscillation about crystallographic [110] 


101 

s— 

105 

f+ 


f+ 

200 

s— 

400 

£- 

008 1 

f~ 

103 

m— 

402 

m— 

600 

£ 

202 

m— 

006 

m 

109 

ff 

004 

£+ 

305 

£- 

408 

ff 


m 

206 

ff 

606 

ff 

303 

ff 
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spectrometric measurement showed that none of these irregularities 
was to be ascribed to changes in crystal orientation. The data ob¬ 
tained by averaging these four sets of intensities are listed in Table IV. 

Large changes of intensity, resulting from smajl irregularities in the 
shape of the sample, have already been noted in a previous determina¬ 
tion of structure in which copper radiation was used*). Together with 
the data of this paper they emphasize the importance of basing deter- 


TABLE m 


ItUensilies and Structure Factors for (kkO) Reflections 


Indicei 

Average Intensities 

P* Observed 

F' 

Calculated 

Observed 

Corrected 

Average 

Maximum 

Deviation 

110 

0 

0 

0.0 

_ 

-4.3 

200 

6464 

14408 

68.6 

0.1 

85.7 

220 

1534 

1765 

29.3 

1.7 

62.6 

310 

2684 

3482 

44.1 

3.0 

33.1 

400 

682 

724 

23.6 

1.0 

26.0 

330 

2968 

3972 

57.4 

2.8 

70.5 

420 

1790 

2112 

43.5 

0.9 

54.2 

510 

739 

789 

29.2 

1.1 

31.5 

440 

681 

724 

30.1 

2.6 

29.0 

530 

989 

1080 

37.6 

2.7 

46.2 

600 

1438 

[1639] 

47.1 

0.0 

51.9 


273 

280 

20.1 

0.5 

13.1 


0 

0 1 

0.0 

— 

1.3 


0 

0 

0.0 

— 

5.8 

640 

367 

379 

24.3 

1.8 

25.9 

730 

0 

0 

0.0 

— 

5.7 

800 

355 

366 1 

22.8 

1.3 

27.3 

820 

vw 

i 

vw 1 

— 

12.1 

660 

409 

424 

22.9 

2.0 

20.3 


minations of structure upon more than a single series of intensity data, 
especially when long wave length X-rays are used. 

The absence of planes of symmetry in Laue photographs taken 
parallel to the optic axis limits the choice of space groups to those iso- 
morphous with hemihedral point groups, namely, S], S], Cl, Cl, Cj, 
^ 4 > ^ 4 » ^ 4 *> ^ 4 *> ^ 4 *> Riid C 4 ,^. The presence of (006) 

1) R. B. Corey and R. W. G. Wyckoff, Z. Krist. 87,264 (1934). 

















TABLE IV 


Intensities and Structure Factors for {hOl) Reflections 



Average Intensities 

F' Observed 

F' 

Indices 

Observed 

Corrected 

Average 

Maximum 

Deviation 

Calculated 

101 

002 

200 

103 

202 

004 

301 

204 

303 

105 

400 

402 

006 

305 

206 

404 

501 

107 

503 

008 

307 

406 

600 

208 

505 

602 

109 

604 

408 

701 

507 

309 

0,0,10 

703 

606 

2,0,10 

705 

1,0,11 

800 

509 

802 

4,0,10 

608 

3,0,11 

804 

0,0,12 

8105 

0 

7830 

3847 

2091 

2935 

2273 

0 

vw 

2426 

550 

1229 

6392 

765 

798 

0 

403 

2508 

vw 

1075 

0 

0 

1485 

402 

mv 

0 

283 

162 

vw 

290 

vw 

vw 

0 

0 

385 

vw 

vw 

vw 

300 

0 

0 

0 

158 

0 

0 

732 

17997 

14469 

4914 

2377 

3515 

2693 

2786 

570 

1345 

10084 

802 

845 

413 

2916 

1146 

1639 

412 

288 

163 

296 

394 

305 

160 

766 

57.9 

0.0 

68.7 

43.5 

30.3 

40.7 

37.5 

0.0 

vw 

40.6 

20.9 

33.2 

89.5 

27.0 

28.3 

0.0 

20.7 

55.1 

vw 

37.4 

0.0 

0.0 

[47.1) 

23.4 

vw 

0.0 

20.1 

15.7 

vw 

21.5 

vw 

vw 

0.0 

0.0 

24.5 

vw 

vw 

vw 

20.8 

0.0 

0.0 

0.0 

13.7 

0.0 

0.0 

30.0 

16.8 

0.2 

7.2 

4.3 

12.1 

9 7 

11.0 

2.0 

4.9 

31.0 

8.2 

4.2 

6.3 

16.6 

12.1 

0.0 

5.5 

6.6 

1.9 

2.9 

5.9 

2.9 

6.3 

10.9 

74.2 
-1.2 

85.7 

34.1 

-46.0 

63.7 
-24.4 

2.9 

-8.4 

43.3 

26.0 

-26.4 

90.5 
-27.3 

19.5 
-4.9 

19.6 

47.8 

9.5 

36.2 

1.3 
-0.1 

1 51.9 

9.8 

9.9 

4.9 

19.6 

16.5 

8.0 

24.7 

19.7 
-1.0 

16.7 

2.4 

26.9 
-7.6 

19.0 

16.6 
27.3 

8.4 

1.8 

-9.9 

16.1 

-11.1 

7.4 
40.0 
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excludesCj andCj^. Of the remaining groups only andCj^ ex¬ 
plain the observed absence of planes {hkl) where is odd. Two 

molecules of [(Cfl^ 8 ) 4 iV^] 25 'ii ^6 may be placed in C** so as to form a 
structure similar to those found for other fluosilicates and the analo¬ 
gous chlorostannates. Each of the silicon atoms at (a), (000), 
may be surrounded by six fluorines, four in the special positions (A), 
(«iK)) etc., and (« 4- ® + §> §) etc., and two at (c), (00m), (OOfi), 

(s) « + h)> (f» 2 — «)• Each of the nitrogens at (d), (0|i), ( 5 OJ), 

(O 2 I), (^Of) may be surrounded tetrahedrally by four carbons in 
general positions (i). 

The Si —F separation in (NHi)iSiFt has been found*) to be 1.72 A. 
For the assignment of tentative parameters the N—C distance is 



assumed to be 1.35 A, the fluorine radius 1.33 A and the CHi radius 
2.04 A. If the ions are symmetrically arranged as in Figure 3 packing 
conflicts are immediately evident. Thus the distance between fluorine 
at (smO) and CHi at (y -f- 1, § — ac, f — z) is 2.25 A instead of 3.37 A. 
Packing may be obtained by rotating SiFt in a clockwise, and N{CHt)i 
in a counterclockwise direction until CH 3 at (xyz) is equidistant from 
the fluorines at (m»0) and (vuO). A rotation of about —34° for SiFt 
and -fl2° for NiCHi)^ places CH 3 (A) equidistant (3.41 ± 0.02 A) 

1) R. W. G. Wyckoff, The Analytical Expression of the Results of the Theory 
of Space Groups, 2nd Ed p. 82, 1930 (Washington). 

2) R. M. Bozorth, J. Am. Chem. Soc. 44,1066 (1922). 
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from three fluorines (JB, C and D of Figure 4), In this arrangement 
the variable parameters have the following values: 

Fat (A): « - 0.18,5 = 0.12 

Fat (e): 6 - 0.155 

CHi at (»):*= 0.14, y - 0.47, z = 0.175. 

Methyl groups in the same XF-plane just contact (4.01 A) with each 
other. The distances within the ions become Si—F = 1.73 A and 
N-CHi = 1.40 A. 

Similar packing may be obtained by turning both groups through 
these same angles but in the reverse directions. The structure factors 
of such planes as (620) calculated for this reverse rotation show it to be 
untenable. 

In aU calculations in this paper, the scattering powers*) of silicon 
are those found in silicates. Those for fluorine and nitrogen are the 
values obtained from alkali fluorides and ammonium chloride respec¬ 
tively. CHt was taken to have the same scattering as carbon in 
urea*). The (MO) reflections calculated from a “clockwise” rotation 
of the SiFt groups, and corresponding to the parameters listed above, 
are given in Table III. The agreement among the more complex 
reflections is entirely satisfactory. The only outstanding discrepancy 
is found in (220)-for which the observed intensity is too weak. It is 
doubtless to be attributed to excessive extinction and to the high 
absorption that prevails at small angles. A careful inspection of plots 
of the structure factors of (MO) planes fails to reveal any changes in 
parameters which will lead to a general improvement. 

The calculated and observed structure factors for (AO/) planes are 
shown in Table IV. The small size of the available specimens and the 
consequent faintness of all reflections from them made it impossible to 
measure quantitatively the weaker planes. Reflections marked “0 • 0” 
were not detected by the spectrometer; those labeled were ex¬ 
ceedingly faint but present. Considering the impossibility of obtain¬ 
ing samples of uniform size and shape together with the fact that no 
corrections for absorption could be made, the general agreement be¬ 
tween calculated and observed F”s is as good as could be expected. 

1) R. W. G. Wyckoff, The Structure of Crystals, 2nd Ed. p. 100, 1931 (New 
York), 2) R. W. G. Wyckoff, Z. Krist. 81, 102 (1932). 




Fig. 4b. A packing drawing of 4a showing the way some of the ions fit together. 




KOBEKT B. COBEY 


285 


A projection of the structure upon the XF-plane is shown in Figure 
4. The arrangement is a distortion of the fluorite structure already 
found for the cubic chloroplatinates and chlorostannates. Fach 
methyl group contacts with one fluorine at (e) and two at (A). Thus 
methyl C at z (CHt) = 0.175 touches fluorines H (3.43 A), K (3.40 A) 
and (3.39 A) . Each fluorine is equidistant from four methyl groups, 
those at (c) being separated from each methyl by 3.43 A and those at 
(A) by 3.40 db 0.01 A. The distance CHt—N is 1.40 A, in good agree¬ 
ment with that fotmd in other tetramethyl ammonium compounds. 
The Si—F separation of 1.73 A is practically identical Muth that pre¬ 
vailing in ammonium fluosilicate (1.72 A). It is to be noticed that 
the tetrahedra are in contact with each other. Thus each 

methyl is 4.01 A from another methyl, both groups being located in 
the same XF-plane (see A and C, Figme 4). 

Many of the calculations of this paper were made by K. Pestrecov 
and A. A. Murtland. 


SUMMARY 

Laue and oscillation photographs show that the tetragonal unit cell 
of [(CHz) tff]iSiF<i contains two molecules and has the dimensions 
uo = 7.88 A, Co = 11.19 A. The space group is Cj* with silicon at (o), 
fluorine at (e) aiid (A), nitrogen at (d) and methyl occupying general 
positions (*)• The atomic parameters were determined from spectro- 
metric measurements of reflections from all (AAO) and (AO/) planes for 
which 2d < ca. 100°. Best agreement was obtained when the follow¬ 
ing parameters were assigned to fluorine and methyl: 

F at (A): « - 0.18, v - 0.12, 

F at (e): u' •• 0.155, 

CSi at (t): X - 0.14, y - 0.47, z - 0.175. 

The structure is a distorted fluorite arrangement of SiFt groups and 
(CHz) 4 N tetrahedra. Interatomic distances agree well with those 
previously determined in other compounds. 




[Reprinted from Xhe Journal op £xpesiiiental JdBDicnnc, N^ovember 1 | i934| 
Vol. 00, No. S, pp. 599-617] 


CHEMO-IMMUNOLOGICAL STUDIES ON CONJUGATED 
CARBOHYDRATE-PROTEINS 

IX. The Specificity of Antigens Pkepared by Combining the 
^-Aminophenol Glycosides of Disaccharides with Protein 

By WALTHER F. GOEBEL, Ph.D., OSWALD T. AVERY, M.D., and 
FRANK H. BABERS 

{From the Hospital of The Rockefeller Institute for Medical Research) 
(Received for publication, August 9, 1934) 

As a result of the work of numerous investigators a striking advance 
has been made during the past decade in our knowledge of the chemical 
and immunological properties of that unique class of naturally oc¬ 
curring substances, the specific bacterial polysaccharides. Complex 
carbohydrates possessing immunologically specific properties have 
been found widely distributed in many varieties of different micro¬ 
organisms. The significance of these findings lies in the fact that 
these specific components, having in common the chemical properties 
of polysaccharides, are known to function as determinant substances 
in many of the specific reactions of bacterial infection and immunity. 
The fact that these carbohydrates, so closely related in chemical 
properties, remain sharply differentiated in biological specificity may 
eventually be explained on the basis of certain subtle differences in the 
chemical structure of the molecules that constitute these substances. 
Possible differences in stereochemical structure and in the position of 
intermolecular linkages between the individual sugars comprising the 
polysaccharides are manifold. Indeed, it is not unlikely that struc¬ 
tural differences of this character account for the wide variation in the 
imm unological specificity exhibited by carbohydrates of diverse origin. 

It is already known that differences in the stereochemical structure 
of the carbohydrate radical in artifically compounded hexoside-protein 
antigens influence their immunological specificity (1). It has been 
shown that the azophenol glycosides of glucose and galactose, irre¬ 
spective of the protein with which they are combined, give rise in the 

287 
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animal body to the formation of antibodies which are distinct and 
specific for the carbohydrate radical in the antigenic complex. Al¬ 
though the difference in chemical structure between the glycosides of 
glucose and galactose is confined to an interchange of the H and OH 
groups on the fourth carbon atom of the hexose radical, yet this slight 
alteration in chemical configuration suffices to determine the biological 
specificity of antigens containing these hexosides. If, on the other 
hand, the structural differences in monosaccharides be confined to 
the carbon atom bearing the aglucon, as in antigens containing a- 
and ^-azophenol glucosides, then the immunological reactions of these 
two derivatives of glucose, though predominantly type-specific, show 
a certain degree of crossing, presumably attributable to the identity 
in structure of the five terminal carbon atoms of both glucosides (2). 

Thus it has been established experimentally that the stereochemical 
configuration of the hexose radical has an important influence in de¬ 
termining the biological specificity of artificial antigens containing 
simple monosaccharides. Whether stereochemical changes in the 
hexose constituents of more complex saccharides exert a similar in¬ 
fluence, and whether the position of linkage of hexose to hexose affects 
the course of antibody response, are questions of importance in eluci¬ 
dating the factors which govern the specificity of the reactive polysac¬ 
charides of bacterial origin. 

The disaccharides are substances of known chemical constitutions, 
and hence are excellent derivatives to use in studying the influence of 
changes in intermolecular linkage and stereochemical structure on 
biological specificity. For this purpose, therefore, the /)-aminophenol 
glycosides of lactose, gentiobiose, cellobiose, and maltose have been 
synthesized (3). The diazonium derivatives of these glycosides have 
been combined with protein and the resulting conjoined disaccharide- 
proteins have been utilized as antigens in the preparation of immune 
rabbit sera. The present paper is an account of the immunological 
properties of these artifically conjugated antigens. For purposes of 
comparison there are also included the serological properties of anti¬ 
gens containing monosaccharide derivatives prepared by combining 
with the same protein the p-aminophenol glycosides of a- and fl- 
glucose and of /3-galactose. 
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EXPERIMENTAL 

1 . Methods, ^The methods of preparing the mono- and disaccharide immunizing 
antigens used in the present study differ in no essential respect from those previ¬ 
ously described (2 h). The method of intravenous immunization of rabbits, and 
the technique of the precipitin and inhibition tests, are the same as those employed 
in earlier studies. The immunizing antigens were prepared by combining each of 
the carbohydrate derivatives with the globulin of normal horse serum. In order 
to avoid the reactions of a common protein, the test antigens were similarly pre¬ 
pared by combining the same glycosides to the protein of chicken serum. 

For purposes of brevity the ^-aminophenol glycosides of the different sugars 
will be frequently referred to throughout the text and tables by the following 
abbreviations: a = a-glucoside; jS « jS-glucoside; Ga « jS-galactoside; C « j8- 
cellobioside; M = /3-maltoside; Ge = jS-gentiobioside; and L - j3-lactoside. The 
immunizing antigens prepared by combining these glycosides with globulin are re¬ 
ferred to as a-globulin, C-globulin, etc., and the corresponding antisera respec¬ 
tively as a-antiserum, C-antiserum, etc. The test antigens, prepared by combin¬ 
ing the glycosides with chicken serum protein are designated as oc-test antigen, 
C-test antigen, etc. 


/. Specific Precipitin Tests 

L Homologous Precipitin Reactions of Mono- and Disaccharide Anti¬ 
sera, —^The sera of rabbits immunized respectively with antigens con¬ 
taining the three monosaccharide and the four disaccharide glycosides 
combined with horse serum globulin were first studied for the presence 
of homologous precipitins. Test antigens containing the same gly¬ 
cosides combined with the protein of chicken serum were used in the 
precipitation tests. The results of these tests are given in Table I. 

From the results presented in Table I it is seen that antigens con¬ 
taining either mono- or disaccharide radicals give rise in each instance 
to immune bodies which react with the same carbohydrate derivative 
irresp>ective of the protein to which it is attached. The glycoside- 
proteins function as effective antigens in the animal body, and it is 
suggested that the large number of polar (OH) groups in the carbo¬ 
hydrate radical may account for this fact. 

2, Heterologous Precipitin Reactions of the Disaccharide Antisera ,— 
In order to ascertain whether the disaccharide antisera cross-react with 
test antigens containing the other disaccharides, each serum was 
tested for the presence of heterologous precipitins. 

The results of the cross-precipitin tests are summarized in Table II 
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From the results given in Table II, it can be seen that an antiserum 
prepared by immunization with C-globulin contains antibodies which 
precipitate not only the homologous C-test antigen, but the heterolo¬ 
gous Ge-test antigen as well. Similarly the antiSerum to Ge-globulin 
contains precipitins for the homologous test antigen and cross-reacts 
with the heterologous C-test antigen. Neither of these antisera, 
however, reacts to any appreciable extent with test antigens con- 


TABLE I 

Homologous Precipitin Reactions of Mono- and Disaccharide Antisera* 


Antisera prepared by 
immunization with: 

Test antigenst 

Final dilution of test antigens 

1:5,000 

1:10,000 

1:20,000 

1:40,000 

a-Globulin 

a Chicken serum 

+++± 

+++± 

++± 


P « 


a 

-I-+++ 

+ + + + 

+++ 


Ga “ 

Ga 

ti 

+++± 

-I-++ 

-i-i-± 


C ‘‘ 

C « 

it 

++++ 

++++ 

++-i-± 


M « 

M 

it 

++++ 

++++ 

H—1—1—h 


Ge “ 

Ge « 

« 

H—l"l-± 

+++ 

+++ 


L 

L « 

tt 

-I-+++ 

+++± 

+++ 



“ complete precipitation with compact disk formation. 

± •• faint turbidity when read with artificial illumination against dark back¬ 
ground. 

0 — no precipitation. 

* The immune sera were in all instances used in constant amounts of 0.2 cc. A 
dilution of serum in the proportion of two parts of serum to three parts of salt 
solution was prepared, and 0.5 cc. of this dilution, containing 0.2 cc. of the original 
serum, was added to 0.5 cc. of the varying dilutions of test antigens, in Tables I 
to IV. 

t Test antigens were prepared by combining the respective glycosides with the 
protein of chicken serum. 


taining M or L. The M-antiserum, on the other hand, precipitates 
not only M- but also Ge- and C-test antigens; the M-antiserum does 
not react with test antigen containing L. The L-globulin antiserum 
precipitates both the homologous and the heterologous C-test antigen; 
however, it does not react with test antigens in which M or Ge is 
present. 

The cross-precipitin reactions of these four disaccharide antisera 
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appear at first difficult of interpretation, but further consideration of 
the stereochemical structures of the four glycosides affords an insight 
into the complexities of the cross-reactions. Each of the disaccharide 
glycosides has in common a large chemical grouping; namely, a glucose 
molecule substituted by the aglucon—C 6 H 4 N=N— combined in glu- 
cosidic union with the reducing group of the hexose. In the case of 
the gentiobioside and c^llobioside, each glycoside contains a terminal 


TABLE II 

Heterologous Precipitin Reactions of Disaccharide Antisera 


Antisera prepared by 
immunization with : 

Test antigens 

Final dilution of test antigens 



1:20,000 




C Chicken serum 

++++ 

++++ 

+++± 

C-Globulin 

M “ 

± 

± 

± 

Ge “ “ 

++± 

++ 

+± 


L 

± 

± 

± 


C Chicken serum 

+++ 

++± 

+ ± 

M-Globulin 

M '' '' 

Ge “ 

++++ 

++± 

++++ 

+± 

+++± 

+ 


L ** ‘‘ 

± 

=b 

± 


C Chicken seram 

+++ 

+++ 

++ 

Ge-Globulin 

M “ “ 


dr 

± 

Gc « “ 

++++ 

+ + + =b 

++± 


L “ “ 

± 

d= 

dz 


C Chicken serum 

++± 

++± 

+ + 


M ‘‘ “ 

± 

± 

± 

L-Globulin 

Ge “ 

± 

± 



L “ 

+++± 

+++ 

+++ 


jS-glucose molecule substituted in positions 6 and 4 respectively of the 
glucose molecule bearing the aglucon. The maltoside, on the other 
hand, has an a-glucose molecule substituted in position 4, whereas 
the lactoside has a jS-galactose molecule in this same position. The 
constitutional and configurational relationships of these four glyco¬ 
sides may best be understood by the following graphic formulae: 
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CHiOH CHjOH 




^-Aminophecol /3-maltoside 
H OH CHjOH 




^-Aminophenol ^-cellobioside 


H OH CHjOH 



^-Aminophenol jS-lactoside 



CHjOH H OH 


^-Aminophenoi i3-gentiobioside 
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From the graphic formulae it can be seen that the carbohydrate 
radicals of the cellobioside and gentiobioside are each composed of two 
units of glucose combined in glucosidic union. In the case of the 
cellobioside, the union of hexose molecules is on the fourth carbon 
atom of the glucose molecule bearing the aglucon; in the gentiobioside 
this union is on carbon atom 6. Apparently as a result of the simi¬ 
larity in structure, and because of the /3 configuration of the terminal 
glucose molecule common to both glycosides, antigens containing 
either C or Ge show reciprocal cross-reactions in the corresponding 
antisera. The position of linkage of hexose to hexose is apparently 
less important in determining specificity than is the configuration of 
the terminal hexose. The configuration of the individual carbon 
atoms of the terminal hexose is also an important factor in determin¬ 
ing specificity, since an antigen containing L does not react in C anti¬ 
serum despite the fact that the structures of C and L are identical 
save in respect to the spatial arrangement of the H and OH groups on 
the fourth carbon atom of the terminal hexose. 

Although the M-test antigen fails to precipitate either in C- or Ge- 
antiserum, it is a striking fact that both C- and Ge-test antigens pre¬ 
cipitate in an antiserum prepared by immunization with maltoside- 
globulin. When one considers these cross-reactions with reference to 
the chemical structure of the three glycosides, it appears that the 
specificity of the immunological response is more sharply defined when 
the terminal hexose in the antigenic molecule has the jS rather than 
the a configuration. The reason for this is not known. 

It has been previously pointed out that the four glycosides, M, C, 
Ge, and L, each possess in common a large molecular grouping; namely, 
a glucose molecule bearing the aglucon—C#H 4 —N=N—. In view 
of this fact one might expect the corresponding antisera to show 
marked cross-reactions with test antigens containing any one of the 
heterologous glycosides. That this is not the case, however, is evident 
from the results of the precipitin tests given in Table II. It may be 
concluded, therefore, that the large grouping common to all the disac¬ 
charide antigens exerts but little influence on serological crossing and 
that in those instances in which this phenomenon occurs the reactions 
are determined primarily by similarities in the configuration of the 
terminal hexose of the glycosides. 
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One striking exception, however, has been encountered in the case 
of the lactoside, in which the terminal hexose is jS-galactose. An 
antiserum to the lactoside would, on the basis of the preceding hy¬ 
pothesis, not be expected to precipitate an antigen having a terminal 
jS-glucose molecule. However, it has been shown that L-antiserum 
contains precipitins reactive with C-test antigen, although the reac¬ 
tion is not reciprocal. There is at present no adequate explanation 
for this phenomenon. It may be pointed out that Landsteiner and 
Lampl (4) encountered a series of non-reciprocal reactions in the course 
of investigations on the specificity of antisera to o-aminobenzene sul¬ 
fonic acid, and o-aminobenzoic acid. Similarly Heidelberger and 
Kendall (5) have described in detail an analogous series of non-recipro¬ 
cal precipitin reactions employing antisera prepared by immuniza¬ 
tion of rabbits with R-salt-azo-benzidine-azo-crystalline egg albumin 
and native crystalline egg albumin. 

3. Heterologous Precipitin Reactions of Disaccharide Antigens in 
Monosaccharide Antisera. —In order to gain further insight into the 
factors which determine the serological specificity of disaccharide anti¬ 
gens, the latter were tested in the immune sera prepared by the im¬ 
munization of rabbits with antigens containing the azophenol glyco¬ 
sides of a- and jS-glucose and jS-galactose combined with horse serum 
globulin. The structural relationship of the hexosides from which 
the corresponding monosaccharide antigens were prepared is repre¬ 
sented by the following graphic formulae: 


CHjOH 



CH.OH 



^-Aminophenol j3-glucoade 
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CH,OH 



^-Ammophenol /9-gaIactoside 


From the above formulae it can be seen that the ot- and jS-glucosides 
differ from one another in the stereochemical arrangement of the car¬ 
bon atom bearing the aglucon. The remaining five carbon atoms of 
each hexoside have the same stereochemical pattern. The j8-galacto- 
side differs from the j8-glucoside in that in each instance the H and 
OH groups on the fourth carbon atom are interchanged. Before 
turning to the results of the precipitin tests of the disaccharidc test 
antigens in the monosaccharide antisera, it must be recalled that the 
terminal hexose of both the cellobioside and the gentiobioside is /8- 
glucose, while the terminal molecule of the maltoside is a-glucose, and 
of the lactoside, j8-galactose. 

From the results of the precipitin reactions of disaccharide antigens 
in monosaccharide antisera (Table III) it is interesting to observe that 
only the test antigen containing the maltoside, the terminal hexose 
of which is a-glucose, reacts in a-antiserum. The two test antigens 
containing the cellobioside and gentiobioside, both of which have 
terminal (8-glucose radicals, react only in (8-antiserum, and finally the 
lactoside test antigen, the terminal hexose radical of which is galactose, 
reacts only in (8-galactoside antiserum. The results of these serologi¬ 
cal tests support the view that the stereochemical configuration of the 
terminal hexose in disaccharide antigens is the dominant factor in 
determining their serological crossing in monosaccharide antisera. 

4. Precipitin Reactions of Monosaccharide Antigens in Disaccharide 
Antisera. —In order to determine whether the monosaccharide test 
antigens react with the disaccharide antisera, the latter were tested 
for the presence of precipitins reactive with a-, /3- and Ga-test anti¬ 
gens. The results of the precipitin tests are given in Table IV. From 
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the results given in Table IV it may be seen that only the a-test anti¬ 
gen reacts in M-antiserum, whereas the /3-test antigen reacts in both 

TABLE III 


Precipitin Reactions of Disaccharide Antigens in Monosaccharide Antisera 


Antisera prepared by 
immunization with: 

Test antigens 

Final dilution of test antigens 

1:5,000 

1:10,000 

1:20,000 


a Chicken serum 

+++ 

+-l-± 

++db 


C ‘‘ 

u 

db 

0 

0 

a-Globulin 

M 

tt 

-i-+± 

+-l-± 

++ 


L 

it 

0 

0 

0 


Ge 

u 

0 

0 

0 


Chicken serum 

++++ 

++++ 



C 

il 

+++ 

++± 

++ 

/3-Globulin 

M “ 

it 

dc 

0 

0 


L 

« 

0 

0 

0 


Ge “ 

it 

++4* 

+++ 

++ 


Ga Chicken serum 

+++ 

++± 

++ 


C 

it 

0 

0 

0 

Ga-Globulin 

M “ 

it 

0 

0 

0 


L 

it 

+± 

++ 

++ 


Ge 

it 

0 

0 

0 


TABLE rv 


Precipitin Reactions of Mottosaccharide Antigens in Disaccharide Antisera 


Antisera prepared by 
immunization with: 

Final dilution of ce 
chicken serum antigen 

Final dilution of /3 
chicken serum antigen 

Final dilution of Ga 
chicken serum antigen 


o 

1:20,000 


1:10,000 

1:20,000 


1:10,000 

1:20,000 

C-Globulin. 

=fc 

d= 

± 

++± 

++ 

++ 

0 

0 

0 

M “ . 

+ + + 

4++ 

++ 

+4-1- 

++± 

++ 

0 

0 

0 

L “ . 

0 

0 

0 

0 

0 

0 

++ 

+± 

+ 

Ge “ . 

zk 

db 

=fc 

++± 

++± 

++ 

0 

0 

0 


C- and in Ge-antiserum as well as in M-antisenun. It has been 
previously shown that both C- and Ge-test antigens, the carbohydrate 
radicals of which both contain a terminal j3-glucose molecule, react in 
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M-antiserum. It is not surprising therefore, that an antigen con¬ 
taining a monosaccharide radical having the j3-glucose configuration 
also reacts in the same serum. It is also evident from Table IV that 
the Ga-test antigen, which possesses a terminal /3-galactose molecule, 
reacts only in L-antiserum. These serological findings again empha¬ 
size the fact that the configuration of the terminal hexose is a domi¬ 
nant factor in determining the specificity of antibodies induced by 
disaccharide antigens. 


TABLE v 

Inhibition of Precipitins in Cellobioside-Globidin Antiserum by Homologous and 

Heterologous Glycosides*^ 


Inhibiting glycoside 

Test antigens (final dilution 1:5,000) 

C 

Ge 

/3 

None 

++++ 

++ 

++± 

a 

+ + + + 


++ 

/S 

++++ 

0 

0 

Ga 

++++ 

++ 

++ 

C 

0 

0 

0 

M 

+++± 

-l-± 


L 

+++± 

+=fc 


Ge 

+++± 

0 

0 


* The technique of the specific inhibition tests given in Tables V to VIII was as 
follows: 0.3 cc. of a 0.1 M solution of the different /^-aminophenol glycosides was 
added to 0.2 cc. samples of immune serum. The mixtures were incubated for 2 
hours at 37°C. and to them was then added 0.5 cc. of a 1:2,500 dilution of the 
reactive test antigens. The tubes were again incubated for 2 hours at 37°C. and 
the final readings were recorded after the tubes had stood overnight in the ice box. 

//. Specific Inhibition Tests 

1. Cellobioside-Globulin Antiserum—The selective specificity of the 
precipitins in cellobioside-globulin antiserum for test antigens con¬ 
taining the cellobioside, the gentiobioside, and the ^-glucoside can be 
seen from the results of the specific inhibition tests given in Table V. 

An analysis of the data presented in Table V shows that the specific 
reaction between C-antiserum and its homologous test antigen can be 
inhibited only by C, whereas the cross-reaction of Ge-test antigen in 
C-antiserum is inhibited by C, Ge, and by jS. These three glycosides 
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each have a terminal jS-glucose radical. It must be pointed out that 
the heterologous reactions, though somewhat diminished, are not com¬ 
pletely inhibited by a or by M, both of which are glycosides having a 
terminal a-glucose radical. Likewise the cross-reaction between C- 
antiserum and Ge-test antigen is not inhibited by L or by Ga, both of 
which contain a terminal jS-galactose radical. Similarly, the cross¬ 
reaction between /3-test antigen and C-antiserum is inhibited by C, 
Ge, and by j8, but by none of the other glycosides. 

The results of the specific inhibition tests emphasize the fact that 
an antigen containing a cellobiose radical gives rise to antibodies which 
are specific for this particular carbohydrate grouping. Since the reac- 

TABLE VI 


Inhibition of Precipitins in Gentiobioside-Globtdin Antiserum by Homologous and 

Heterologous Glycosides 


Inhibiting glycoside 

Test antigens (final dilution 1:5,000) 

Ge 

c 

ft 

None 

-t"h+ 

-}“± 


a 


-h± 

-f-f 



0 

0 

Ga 

-i-+± 


-i-f- 

C 

+-t-± 

0 

0 

M 


+± 


L 

-t-+± 

+± 


Ge 

0 

0 

0 


tion between C-antigen and homologous antiserum cannot be in¬ 
hibited by the glycoside of gentiobiose, a disaccharide which is iso¬ 
meric with cellobiose, it may be concluded that the position of the 
biose linkage is important in determining the biological specificity of 
disaccharide antigens. From the fact that the heterologous reactions 
of /8- and Ge-test antigens in C-antiserum can be inhibited only by 
glycosides containing a terminal /3-glucose molecule, it may be further 
concluded that the specificity of the serological cross-reactions is de¬ 
termined primarily by the configuration of the terminal hexose residue 
of the cellobioside. 

2. Gentiobioside-Globtdin Antiserum .—^The results of the specific in¬ 
hibition of precipitins in gentiobioside-globulin antiserum by the 
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homologous and heterologous glycosides are summarized in Table VI. 
From the results presented in Table VI it can be seen that only the 
gentiobioside inhibits the reaction between Ge-antiserum and homol¬ 
ogous test antigen. The fact that the homologous reaction cannot be 
inhibited by the cellobioside, a derivative which is identical with the 
gentiobioside in structure except for the position of the biose junction, 
further substantiates the importance of the position of intermolecular 
linkage in determining the specificity of disaccharide antigens. As in 
the case of the cellobioside antiserum, the heterologous precipitin 
reactions of Ge-antiserum are in each instance inhibited by glycosides 

TABLE VII 

Inhibition of Precipiiins in Maltoside-Globulin Antiserum by Homologous and 

Heterologous Glycosides 


Test antigens (final dilution 1:5,000) 


coside 

M 

a 

iS 

c 

Ge 

None 



+++ 

++± 

++± 

a 

+++d= 

0 

0 

0 

0 

p 



0 

0 

0 

Ga 

+ + + ± 


+++ 

++ 


C 

++ + =t 


db 

0 

0 

M 

0 

0 

0 

0 

0 

L 


+-fdb 

+4-+ 

+4- 

+± 

Ge 

-l-++± 

-f+=b 

0 

0 

0 


containing a terminal /3-glucose molecule, and not by those having 
an a-glucose or /3-galactose configuration. 

3. Maltoside-Globulin Antiserum—It will be recalled that an anti¬ 
serum prepared by immunization with an antigen containing azophe¬ 
nol maltoside cross-reacts with test antigens in which the terminal 
hexose residue is either a- or /3-glucose, but does not react with anti¬ 
gens in which the terminal hexose is /3-galactose. The results of the 
specific inhibition of precipitins in M-antiserum by the different glyco¬ 
sides are given in Table VII. From the results of the specific in¬ 
hibition tests given in Table VII it can again be seen that precipitation 
of M-test antigen in homologous antiserum is inhibited only by the 
maltoside. The failure of the other glycosides to inhibit the homolo- 
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gous precipitin reaction indicates that the maltoside antigen gives 
rise to immune bodies specific for the disaccharide radical in question. 

It has previously been pointed out that the terminal hexose of mal¬ 
tose is a-glucose. The configurational relationship of the six carbon 
atoms of this portion of the maltoside is in all respects identical with 
that of the simple monosaccharide derivative, a-glucoside. On the 
basis of this configurational identity, and in view of the fact that the 
specificity of the cross-precipitins elicited by antigens containing a 
disaccharide radical is determined primarily by the terminal hexose, 
the precipitation of azophenol a-glucoside in M-antiserum may be 
considered as approaching an homologous reaction. It is therefore to 
be anticipated that this reaction would be inhibited only by those 
glycosides possessing an a-glucose configuration. That this is indeed 
the case may be seen by referring to Table VII, the results of which 
show clearly that neither B, Ge, nor C inhibit the reaction of a-test 
antigen in M-antiserum. It may be concluded that the configuration 
of the terminal hexose of the M-immunizing antigen so orients the 
specificity of the antibodies induced that the latter, as evidenced by 
the inhibition tests, remain predominantly specific for the a-glucose 
configuration. 

The cross-reactions of M-antiserum with the heterologous test anti¬ 
gens jS, C, and Ge can be understood by comparing the similarity in 
chemical constitution of the three glycosides with that of the homolo¬ 
gous maltoside. In each glycoside the terminal hexose is glucose. In 
the maltoside this hexose has the a-configuration, whereas in the j8- 
glucoside, the cellobioside, and the gentiobioside, the terminal hexose 
is /3-glucose. In all of these glycosides the five end carbon atoms are 
identical in stereochemical structure. This identity in structure may 
explain the cross-reactions of test antigens containing the terminal 
/8-glucose configuration in M-antiserum. Similarly, it might be ex¬ 
pected that test-antigens containing a terminal a-glucose molecule 
would reciprocally react in the antisera prepared by immunization 
with antigens containing a terminal j8-glucose configuration. It has 
already been pointed out, however {cf. Table II), that in general this 
is not the case, although certain C- and Ge-antisera have been obtained 
which show a slight degree of crossing with both a- and M-test anti¬ 
gens, when the latter are used in high concentration. It appears. 
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therefore, that disaccharide antigens containing a terminal jS-glucose 
molecule give rise to antibodies which in general cross-react with test- 
antigens having a ^-glucose molecule and not with those in which the 
terminal hexose has the a configuration. This fact app>ears to be 
true only for antigens containing the azophenol glycosides of the /3- 
disaccharides and not for corresponding glucoside of the monosacchar¬ 
ide, ^-glucose. The reason underlying this unusual phenomenon can¬ 
not as yet be defined with certainty. By reference to molecular models 
of the two disaccharides, maltose and cellobiose, it is at once apparent 
that the spatial relationship of the polar groups of the two hexoses is 
in each instance different. This difference in the orientation of these 
groups may modify, or even mask, the influence which the individual 
polar groups might otherwise exert upon the specificity of disaccharide 
antigen containing two hexose molecules. 

It has previously been pointed out that the cross-reactions of /3-, 
C-, and Ge-test antigens in M-antiserum may be attributed to the 
identity in configuration of the five end carbon atoms of each of these 
glycosides. It might be expected, therefore, that any glycoside hav¬ 
ing this common configuration would inhibit the reaction of /3-, C-, 
or Ge-test antigens in M-antiserum. Indeed, this has proved to be 
the case, for it may be seen from Table VII that the cross-reactions of 
the maltoside-globulin antiserum with any one of the heterologous 
test antigens containing a terminal j8-glucose molecule are inhibited 
by any one of the />-aminophenol glycosides, in which the terminal 
hexose molecule is glucose, irrespective of its configuration. However, 
when the configuration of one of the five terminal polar groups is al¬ 
tered, as in the case of the galactoside or lactoside, the latter glyco¬ 
sides fail to inhibit the cross-reactions between M-antiserum and test 
antigens containing a terminal glucose molecule. 

4. Lactoside-Globulin Antiserum.—1h& selective specificity of the 
antibodies in lactoside antiserum may be seen from the results of the 
inhibition tests given in Table VIII. 

From data presented in Table VIII, it is seen that the antigen con¬ 
taining the lactoside gives rise to immune bodies which are specific, 
since the precipitation of L-test antigen in homologous antiserum can 
be inhibited only by the homologous glycoside. The cross-precipita¬ 
tion of Ga-test antigen in L-antiserum is likewise inhibited only by 



302 


CONJUGATED CARBOHYDRATE-PROTEINS. IX 


the glycoside of lactose and galactose. This observation once more 
confirms the view that the terminal hexose of disaccharide antigens 
exerts a dominant influence in determining serological crossing. On 
the basis of this concept, it would be expected that L-antiserum would 
react only with test antigens containing L and Ga. However, it has 
already been seen (Table II) that C-test antigen reacts in L-antiserum 
despite the fact that the terminal hexose of the cellobioside is glucose, 
while that of the lactoside is galactose. The only portion of the cello¬ 
bioside and lactoside which is identical in configuration is therefore the 
glucose molecule bearing the aglucon. The serological activity of C- 
test antigen in L-antiserum might be ascribed to this common group- 

TABLE VIII 


Inhibition of Precipitins in Lactoside-Globulin Antiserum by Homologous and 

Heterologous Glycosides 


Inhibiting glycoside 

Test antigens (final dilution 1:5,000) 

L 

Ga 

c 

None 

+++ 

+ =fc 

++ 

a 

+++ 

+± 

+± 

P 

+++ 

+± 

+± 

Ga 

+++ 

0 

+± 

C 

+++ 

+± 

0 

M 

+++ 

+± 

+± 

L 

0 

0 

0 

Ge 

+++ 

+± 

+± 


ing. It must be remembered, however, that this grouping is also com¬ 
mon to the maltoside and gentiobioside, yet antigens containing the 
latter glycosides fail to react in L-antiserum. Moreover the two gly¬ 
cosides, Ge and M, do not inhibit the cross-reaction of C-test antigen 
in L-antiserum. At present there is no adequate explanation for 
this unusual cross-precipitin reaction, nor do the results of the specific 
inhibition tests throw any light on the situation. The question must 
await further investigation before a definite explanation can be given. 

DISCUSSION 

In attempting to understand the intricate serological relationships 
between antigens containing the four disaccharides, gentiobiose, cello- 
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biose, lactose, and maltose, it is necessary to have clearly in mind a 
picture of the stereochemical structure of each disaccharide. The 
reducing disaccharides, maltose, gentiobiose, lactose, and cellobiose, 
are compounds of two hexose molecules joined in glycosidic union 
through the reducing group of one of the monosaccharide constituents. 
The jxjint of attachment of one hexose to the other, and the nature of 
the linkage (i.e. whether the terminal hexose has an oc or configura¬ 
tion) have been carefully ascertained in the case of the four disac¬ 
charides in question, and as a result their chemical structures are 
fully comprehended. With an exact knowledge of their structures, 
the disaccharides become excellent substances for study in correlating 
changes in chemical constitution with differences in biological speci¬ 
ficity. 

The conversion of these four disaccharides into their corresponding 
^-aminophenol glycosides (3) is without doubt accompanied by no 
change in the lactal ring structure of the hexose units. The glycosides 
may be regarded as built up from two units of hexoses in pyranoid 
form, with the remaining reducing group replaced by the aglucon 
—CcH 4 NH 8 . The three glycosides of maltose, cpllobiose, and lactose, 
have a common structure and are distinguishable only in that each 
has a different configuration. The gentiobioside, on the other hand, 
differs structurally from its isomers in that the point of attachment 
of the terminal /8-glucose molecule is on the sixth carbon atom of the 
glucose molecule bearing the aglucon. By referring to the graphic 
model formulae these structural and configurational relationships may 
be clearly seen. 

From the results of the specific inhibition tests and the heterologous 
precipitin reactions it may be seen that these structural and configu¬ 
rational relationships have a distinct and definite influence in determin¬ 
ing the imm unological specificity of antigens containing these disac¬ 
charides. The present study emphasizes the fact that the specificity 
of the serological cross-reactions of disaccharide antigens is determined 
by the configuration of the terminal hexose molecule. In a study of 
the immunological properties of peptides, Landsteiner and van der 
Scheer (6) have shown that the specificity of antigens containing 
amino benzoylated peptides depends primarily upon the structure of 
the terminal amino acid, and to a less degree upon the other amino 
adds in the peptide chain. 
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Although each of the disaccharide antigens contains in common an 
azophenol /3-glucoside radical, this second hexoside grouping does not 
appear to be of importance in determining serological crossing; how¬ 
ever, its presence does confer upon each antigen, certain specific proper¬ 
ties. The rdle of this common hexose molecule bearing the aglucon 
is demonstrated by the fact that the homologous reactions between 
disaccharide test antigens and the corresponding antisera are not in¬ 
hibited by simple hexosides conforming in configuration and structure 
to the terminal hexose molecule of the disaccharide. It must be 
borne in mind, therefore, that the individual specificity of disaccharide 
antigens is dependent upon the molecular pattern of the glycoside 
radical as a whole. Thus it has been shown that antigens containing 
glycosides as closely related as are the gentiobioside and cellobioside, 
may be specifically and sharply differentiated serologically by means 
of inhibition reactions. 

From a comparison of the immunological properties of the different 
disaccharide antigens, it is evident that when the terminal hexose has 
the ^ configuration the specificity of the antibody response is more 
sharply defined than when this configuration is of the a type, for it 
has been shown that although C- and Ge-test antigens react in M- 
antiserum, the reverse does not hold true. 

A striking analogy to the lack of reciprocal cross-reactions is found 
in the case of the capsular polysaccharides of Pneumococcus Types III 
and VIII. It has been observed that the specific polysaccharide of 
Tjrpe VIII Pneumococcus reacts both in Type VIII and Type III 
antipneumococcus serum, whereas the Type III carbohydrate reacts 
only in the homologous antiserum. 

SUMMARY 

The results of the present study indicate that by means of serological 
reactions it is possible to differentiate selectively the j^-aminophenol 
glycosides of maltose, cellobiose, gentiobiose, and lactose. The im¬ 
munological specificity of disaccharide-protein antigens prepared from 
these derivatives, irrespective of the nature of the conjoined protein, 
is determined by (1) the glycoside molecule as a whole, (2) the con¬ 
figuration of the terminal hexose molecule, and (3) the position of link¬ 
age of the two hexose units in the carbohydrate radical. The specific- 
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ity of the antibodies induced by the disaccharide antigens appears to 
be inore sharply defined when the configuration of the terminal hexose 
is of the /8 rather than of the a type. 
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TSE effect of antecedent infection and IMMUNI¬ 
ZATION WITH STREPTOCOCCI UPON THE REACTIVITY 
OF RABBITS TO HORSE SERUM 

By mark P. SCHULTZ, M.D., and HOMER F. SWIFT, M.D. 

{From the Hospital of The Rockefeller Institute for Medical Research) 

(Received for pubUcation, June 5, 1934) 

Tissue reactivity may be altered by infection not only in a specific 
sense to substances derived from the causative agent, but also non- 
specifically to unrelated antigenic materials. Specific alterations af¬ 
ford the basis for clinically useful cutaneous reactions in such diseases 
as tuberculosis, pneumonia, trichophytosis, lymphogranuloma in¬ 
guinale, and tularemia. On the other hand, non-specific changes in 
reactivity are involved in fewer clinical demonstrations. Changes in 
the degree of capillary permeability (1) and in the character of can- 
tharidin blister fluids (2) have been ascribed to alterations in cellular 
reactivity incident to certain infections. 

Non-specific changes in reactivity, although well recognized, have 
not been studied extensively, and their influence in determining the 
ultimate response of the body to the introduction of foreign proteins, 
or of infectious agents seems worthy of additional investigation. 

Most observations of this character have been made in experimentally infected 
animals, and many deal with the effect of tuberculosis upon antigenic responses. 
Dienes (3) noted that injections of egg white into tuberculous lesions in guinea 
pigs induced a tuberculin type of skin sensitivity to this substance. Lewis and 
Loomis (4) observed increased formation of hemolytic amboceptor and agglutinins 
against B, typhosus following injections of the appropriate antigens into tubercu¬ 
lous guinea pigs. Under similar conditions of infections Selter (5) demonstrated 
cutaneous hypersensitivity to extracts of colon bacilli. Experiments in tubercu¬ 
lous rabbits dealing only with the rate of production of hemolytic amboceptor 
have been reported by several observers (4,6,7) with highly inconstant or negative 
results. Certain other chronic infections likewise influence reactivity non-specifi- 
caUy. For example, Lewis and Loomis (8) found accelerated formation of hemo¬ 
lytic amboceptor in guinea pigs infected with streptococci or B, abortus. 
Blumenberg (9) demonstrated tuberculin sensitivity in rabbits when severe chronic 
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paratyphoid infections were present. Schroeder (10) observed increased hemo¬ 
lytic amboceptor production following sheep red blood cell injections into stock 
rabbits suffering from spontaneous abscesses; but experimental infections with 
staphylococcus or B, pyocyaneus did not produce this effect, possibly because the 
artificial infections were not chronic in character, Wessely (11) in 1911 described 
an ‘^anaphylactic type*^ of keratitis that developed after an interval of 2 weeks in 
a majority of normal rabbits receiving intracorneal injections of horse serum. 
This reaction was subsequently studied, particularly in luetic rabbits, by a number 
of investigators with conflicting results (12-16). Among these, vom Hofe and 
Elrantz (16), and Lowenstein (12), found that keratitis developed with greater 
frequency and intensity in syphilitic rabbits. 

It appears, therefore, that certain infections, particularly those 
chiunic in nature, accelerate non-specific responses. This phenome¬ 
non, however, has been observed only in the stage of active infection, 
suggesting that the reaction may be due in large part to transient 
physiological effects of fever and toxemia rather than to factors ex¬ 
clusively conditioned by infection. That an infection may alter subse¬ 
quent response, and that this alteration may be of considerable signifi¬ 
cance is suggested by the fact that non-specific changes of reactivity 
of decisive influence have been induced experimentally by preliminary 
injection of antigenic materials. 

Semsroth and Koch (17) found that preliminary treatment of guinea pigs with 
horse serum and of rabbits with streptococcal vaccines or casein markedly altered 
the reactivity of the endocardium; this was demonstrable upon the subsequent 
establishment of a staphylococcal infection. Their experience corresponded with 
that of others to whom they refer (especially Siegmund (18)) in that staphylococ¬ 
cal endocarditis developed regularly only in rabbits receiving preliminary 
treatments. 

Bohmig (19) showed that rabbits injected intracutaneously with small amounts 
of horse serum reacted subsequently to small intracutaneous inocula of avimlent 
green streptococci with an inflammation “hyperergic’^ in character, and succumbed 
to intravenous inoculations of the same organism in doses which were not fatal for 
untreated animals. 

Daremberg (20) found that the intravenous or subcutaneous injection of 5 cc. 
of dog serum in guinea pigs infected with human tubercle bacilli occasioned a 
greatly decreased resistance to later reinfection. 

Experiments of Schroeder (10) showed that the production of hemolytic ambo¬ 
ceptor, in response to specific antigenic stimulation, was increased by preliminary 
intravenous injections of pneumococcal autolysates. Similarly, Clark, 2^11mer, 
and Stone (21) found higher agglutination titers for B. after intravenous 
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injections of heat-killed Gram-positive cocci; and Khanolkar (22) encountered a 
like phenomenon with reference to B. paratyphosus after immunizing injections of 
B. pyocyanetts vaccine. Clark and his coworkers noted slight increases in resis¬ 
tance following this heterologous immunization. Analogous findings were reported 
by Otsuki (23) in that resistance to streptococcal infection was increased by 
preliminary immunization with B. coli and B. proteus. It is a commonly known 
fact that guinea pigs treated with diphtheria toxin plus antitoxin are much more 
highly sensitized to serum than those treated with normal serum or antitoxin only. 

EXPERIMENTAL 

The experiments described in this paper demonstrate altered 
reactivity in rabbits after the disappearance of mild cutaneous 
streptococcal infections and following intravenous immunization with 
streptococci. The critical test was the response to intracutaneous 
injection of small doses of horse serum. Such a test possesses several 
advantages. Properly controlled, the results are relatively constant; 
antigenically, horse serum and streptococci have very little in common; 
in particular, they provoke contrasting types of sensitivity (24, 25). 
Although small doses have been employed to demonstrate anaphylac¬ 
tic phenomena in guinea pigs, relatively large quantities have been 
given heretofore to induce the Arthus phenomenon in rabbits (26). 
We have found, however, that intracutaneous injections of as little as 
0.05 cc. stimulate high degrees of cutaneous sensitivity; areas of edema 
several centimeters in diameter sometimes follow subsequent injec¬ 
tions of 0.01 cc. Small doses (0.1 cc.) were used by Bohmig in sensi¬ 
tization; and recently Kahn (27) noted that quantities as small as 
0.5 cc. intracutaneously established cutaneous sensitivity. The de¬ 
sirability of employing the smallest possible doses in testing differences 
in degree of reactivity is obvious. 

Variations in response incident to differences in age, sex, and strain 
of animalR employed are described in another communication (28). 
The influence of these variables was minimized by employing a con¬ 
stant stock of rabbits consisting of a cross between English, lilacs, and 
Havanas. Four to six animals were used in each group, and groups 
to be compared with each other were composed of individuals of ap¬ 
proximately the same weight. One lot of serum kept without chemi¬ 
cal preservative was used throughout. 
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The scheme of testing is summarized in the following protocol:^ 


Day 

Amount of horse serum 
intracutaneously 

Bleeding to obtain serum for 
precipitins 

1 

cc» 

0.1 


3 

0.001 


6 

0.001 

Bleeding 

9 

0.001 

Bleeding 

12 

0.001 

Bleeding 

15 

0.001 


18 

0.001 

Bleeding 

21 

0.001 



A fresh area of skin was selected for each injection. The site of the original 
injection was observed for 15 days, and those of subsequent injections for 3 days 
each. 

In animals of the character mentioned,^ the original injection of 0.1 cc. gives 
rise in 24 hours to a faintly pink papule about 25 mm. in diameter and 1 mm. in 
height, which fades in 72 hours. In approximately one-half of the animals, how¬ 
ever, an edematous lesion reappears at the site of injection about the 9th day and 
reaches its maximum within 24 hours. This ‘^secondary reaction*^ is much more 
intense than the primary reaction and occupies a volume five to ten times as great. 
It fades completely within a week. The response to the 0.001 cc. injections 
repeated at 3 day intervals varies. Those made before the 9th day usually pro¬ 
voke no detectable response. Beginning about the 9th day, however, there occur 
increasingly severe reactions which reach a maximum in 24 hours and fade within 
a few days. In highly sensitive animals, moreover, a delayed reaction is observed 
following that injection of 0.001 cc. which was made 48 to 72 hours before the 
development of the secondary reaction above described. Under such circum¬ 
stances, for instance, the site of the 0,001 cc. injection made on the 6th day remains 
negative until the 9th day, when a lesion develops concomitantly with the second¬ 
ary reaction at the site of the original 0.1 cc. injection. As sensitivity to horse 
serum increases, lesions resulting from the 0.001 cc. injection develop more rapidly 
and may reach their maximum within 6 hours. Blood serum precipitins are 
usually demonstrable 24 to 48 hours after cutaneous sensitivity develops.* During 
the course of such injections immature animals gained weight steadily. 

^The intervals indicated here are those suitable for the demonstration of 
differences in males 2,000 gm. in weight. 

* Precipitin titers were determined by mixing 0.4 cc. of each saline dilution of 
horse serum with 0.2 cc. of the rabbit serum to be titrated in small precipitin tubes. 
The following dilutions of horse serum were employed: 1:100, 1:1,000, 1:5,000, 
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An increased degree of reactivity to horse serum is made evident 
in several ways: the primary resp)onse is greater; the secondary reac¬ 
tion occurs earlier, is found in a higher proportion of animals, and is 
more intense; reactions to injections of 0.001 cc. occur sooner and are 
larger; and “delayed reactions’’ are occasionally observed. The time 
of appearance of precipitins in the blood serum is advanced. With 
decreased reactivity these reactions are delayed or absent. 

After sensitivity is established according to the foregoing criteria, 
the injection of 0.1 or 0.01 cc. of horse serum produces areas of redness 
and edema sometimes covering one entire side of the trunk and occa¬ 
sionally accompanied by hemorrhage and necrosis. 

Altered reactivity was induced by inoculating rabbits in various 
ways with living cultures of an indifferent streptococcus, which is 
relatively avirulent for these animals, and also by intravenous im¬ 
munization with hemolytic streptococci. The various forms of altered 
response with reference to the infecting microorganism have been 
described elsewhere (29). 

Experiment 1 ,—In Group B, consisting of five females and one male, a state of 
bacterial hypersensitivity was induced within a period of 22 days by three daily 
intracutaneous inoculations in 0.1 cc, volume of from to 10"® cc. of a culture 
(Strain Q 155) of indifferent streptococcus diluted in Ringer’s solution. At the 
end of this interval, inocula of 10~® cc., which provoked no lesions at the beginning 
of the experiment, gave rise to distinct papules, and reactions to larger doses were 
greatly increased. The blood sera agglutinated the infecting organism in dilution 
of from 1:1,280 to 1:5,120. The animals had, in effect, been subjected to mild 
cutaneous streptococcal infections for 3 weeks. They gained weight steadily and 
at the time of the first horse serum injections® showed no evidences of persisting 
inflammation except small cicatrizing papules in two instances. Group A, com¬ 
prising six females, received no preliminary treatment. The rabbits all weighed 
from 1,000 to 1,300 gm. each. 

The responses to a test of reactivity to horse serum in these two groups are demon¬ 
strated in Chart 1. In the controls (Group A) there were no secondary reactions, 
precipitins app>eared in low titer, and in only half of the animals by the 12 th day. 
The 0.001 cc. test doses first provoked small skin lesions on the 12 th day. 

1:10,000,1:50,000,1:100,000. The tubes were examined after remaining 2 hours 
at 37®C. in a water bath, and again after 6 to 8 hours in the refrigerator. The 
slightest definite precipitate not present in a saline control tube was designated as 
■f; heaviest precipitate (rarely encountered) + ++ +. 

® Bacterial inoculations were made into the skin over the hind legs and areas 
over the trunk were used for the horse serum injections. 




Chart 1. Cutaneous lesions and precipitin titers in control and hypersensitive rabbits 
following the intracutaneous injection of horse serum. S » secondary reaction. 
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In contrast, Group B, previously sensitized mtracutaneously with streptococci, 
showed larger original lesions; half of the animals developed secondary reactions 
on the 4th day; precipitins appeared first on the 6th day and were present in good 
titer in all by the 9th day. Reactivity to the 0.001 cc. test doses, apparent on the 
4th day, became quite marked. 

The animals were observed for 3 months; and the following observations con¬ 
cerning the development of skin sensitivity and occurrence of precipitins in the 
blood serum appear noteworthy. 

1. Skin hypersensitivity developed before serum precipitins were demonstrable, 
especially in the sensitive group (B). 

2. As precipitin titers diminished skin sensitivity often persisted or increased 
in intensity. 

3. In individual animals there was no correlation between the degree of skin 
sensitivity and the height of the precipitin titer. 

Experiment 2 .—Group B received intravenous inocula of Streptococcus Q 155 
in the same doses and intervals as those given intracutaneously in the first experi¬ 
ment (total 0.32433 cc. of culture). Meanwhile, the animals steadily gained 
weight. Their reactivity to horse serum was tested 5 days after the last intrave¬ 
nous inoculation. Cutaneous reactivity to the streptococci and agglutinin titers 
were not determined; but it was previously demonstrated (30) that in rabbits so 
inoculated the agglutinin titers are slightly higher than in those receiving com¬ 
parable small doses intracutaneously, and that although skin reactivity to inocula¬ 
tion with homologous streptococci is very slightly increased, the lesions are of the 
type encountered in “immunized” animals. 

Group C received large immunizing intravenous injections of living cocci. 
Rabbits so treated develop serum agglutinins in high titer, and upon intracutaneous 
inoculation with the homologous microorganism show small indurated lesions (29). 
In this group some animals lost slightly in weight during immunization, but there¬ 
after gained. There was no obvious focal infection, no arthritis, and at autopsy 
no scars or collections of pus were found; hence it is improbable that any active 
inflammation was present at the time reactivity to horse serum was tested, viz, 
5 days after the last intravenous inoculation. At this time a previously untreated 
control group (A) was introduced. Reactivity to horse serum was tested in the 
manner used in Experiment 1 with the exception that on the 1st day in addition to 
the sensitizing dose of 0.1 cc. a test dose of 0.001 cc. was also given. The rabbits 
weighed 1,500 to 2,000 gm. each and the groups were balanced with regard to 
weight and sex. The results are indicated in Chart 2. 

Control Group .4.—There was no reaction to the 0.001 cc. injection on the 1st 
day. Three of the six rabbits developed secondary reactions, all exhibited a 
degree of skin sensitivity to the small test doses on the 10th day, and the sera of 
three of the six showed distinct precipitins on the 16th day. 

Group B.—One rabbit reacted slightly to 0.001 cc. of horse serum on the 1st 
day; three of the five developed secondary reactions, one showed a delayed reaction 
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Chart 2. Cutaneous lesions and precipitin titers in rabbits (A) receiving no preliminary 
treatment, (B) following small doses of indifferent streptococci intravenously, and (C) after 
large doses of indifferent streptococci intravenously. S -> secondary reaction. D »■ delayed 
reaction. 
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to the 0.001 cc. injection on the 4th day, and all gave some inflammatory response 
to the small test doses on the 6th day. In four of five, precipitins were present on 
the 16th day, and in one animal precipitins were present in high titer on the 10th 
day. This group, therefore, showed a very irregular but definite increase in 
reactivity, although by no means of the grade exhibited in the first experiment by 
rabbits previously sensitized with comparable doses of the same streptococci 
intracutaneously. 

Group C.—Relatively large lesions resulted from the injections of 0.1 cc. on the 
1st day and one animal also responded to 0.001 cc. on this day. Three of the four 
rabbits developed secondary reactions; all responded to the small test doses on the 
4th day (two had delayed reactions to this injection), and all showed distinct 
precipitins by the 10th day. The increase in reactivity in this group approached 
but did not equal that shown by the individuals of Group B in Experiment 1 
which were subjected to mild cutaneous streptococcal infections for a similar 
period of time, but which received by comparison only minute doses of the bacteria. 
This experiment demonstrates the same general phenomena observed in Experi¬ 
ment 1. In addition, delayed reactions to the small test doses were noted fre¬ 
quently, and in some animals showing increased reactivity there was response even 
to the injection of a 0.001 cc. of horse serum on the 1st day. 

Experiment 3 ,—Here the first two experiments were in principle repeated. One 
group of rabbits (A) received no preliminary treatment. Group B was sensitized 
in a manner similar to that used in the first experiment and with cultures of the 
same strain. Each animal received daily intracutaneous inoculations of from 
0.01 to 0.05 cc. for a period of 21 days. The total quantity of culture injected was 
0.44011 cc. A third group (C) was given large intravenous immunizing doses of 
hemolytic streptococci (Strain London M A) which was virulent for rabbits. The 
first injections were of heat-killed vaccine; later, living cultures were used. Eight 
weekly series of injections were administered and the individual doses were in¬ 
creased from 1 cc. to 3 cc. during the interval. Group B was tested with horse 
serum 8 days after the last intracutaneous bacterial inoculation and Group C 2 
weeks after the final intravenous immunization. At this time the animals weighed 
from 1,500 to 2,000 gm,; all were gaining weight and there was no evidence of 
persisting inflammation in any of them. At autopsy no scars or collections of pus 
were found to indicate that a chronic infection had been induced. 

The results are briefly presented in Table I. The sensitive and immune animals 
both showed somewhat larger lesions than the controls at the site of the original 
0.1 cc. injection. Oji the 1st day none of the controls reacted to 0.001 cc., while 
all of the intracutaneously sensitized rabbits and several of the intravenously 
immunized group showed definite lesions. This order of relative degree of re¬ 
activity of the groups, sensitive, immune, control, was also evident in the occur¬ 
rence of secondary reactions, in the appearance of delayed reactions to 0.001 cc. 
test doses, in the development of cutaneous sensitivity to repeated test doses, and 
in the precipitin titers on the 9th day. 



TABLE I 

The Responses of Control, Hypersensitive, and Immune Rabbits to Small Doses of Horse Serum Iniracutaneously 
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PreciiHtm 

reaction 

Day 9 

1:1,000 

dilution 
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1 

a 

9 

Day 4 — D 

Primary 

reaction 
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H M X 
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X o •y o o 

00 ^ 



deconoary 
reaction 
on day 
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NO VO NO VO 

VO *>• NO vO O 
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d d ^ d d 
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»0 «0 • o 00 
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> d i 
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1 


1 

+ .« + 1 

*H <iH ^ ^ 

M H M M X 

On VO O <N 

CM ’M cq CM C'< 

24x1.5 

26x1 

24x1.5 

27x1.5 

30x2 

21x 1-f 

lO _|_ lO 

CO I-I 1-1 CM CO 

X X X X X 

VO »0 CO th 

1-4 CM CM CM »0 

Rabbit 

No. 

R37-93 

R37-94 

R37-95 

R37-96 

R37-97 

R37-98 

R37-81 

R37-82 

R37-84 

R37-86 

R37-87 

R37-90 

R37-18 

R37-19 

R37-20 

R37-23 

R37-24 

Groups tested with ho^ 

>» 

1 

Group A 

Controls 

Group B 

Hypersensitive to 
indifferent strep¬ 
tococcus 

Group C 

Immune to hemo¬ 
lytic streptococcus 


Doses of horse serum intracutaneously (0.1 cc. and 0,001 cc. in 0.1 cc. volume diluted in physiological saline) as indicated. 
Size of cutaneous lesions: average diameter x estimated height in millimeters. 

V. ** visible only. p. = just palpable, v. & p. = just visible and palpable. 

* Precipitin reactions on 6th day were all negative. 
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DISCUSSION 

The foregoing experiments indicate that antecedent low grade 
streptococcal skin infections, as well as intravenous immunization with 
streptococci, alter the immunological responses of rabbits to horse 
serum in the direction of accelerated reactivity. They do not, how¬ 
ever, clarify the mechanism responsible for the establishment of such 
an altered state. Lewis and Loomis (8) have proposed the term “al¬ 
lergic irritability’’ for a similar condition developing during infection 
and have defined it as the ‘‘capacity of the animal to react to antigenic 
substances” and “as a general characteristic of the animal on the basis 
of which it reacts to stimuli of the antigenic class whether they be 
helpful, injurious or indifferent to bodily health.” These authors, as 
well as Dienes, Siegmund, and others, have suggested that the stimu¬ 
lation of the reticulo-endothelial system during infection may be re¬ 
sponsible for the phenomena observed. They describe an experiment 
in which trypan blue injections in rabbits had an effect similar to in¬ 
fection in accelerating the production of hemolytic amboceptor. 

The probability of the correctness of such an explanation has in¬ 
creased with the further development of knowledge concerning the 
function of the reticulo-endothelial system. The voluminous litera¬ 
ture dealing with so called anamnestic reactions is reviewed by Topley 
(31) and by Weichardt (32), Extensive experiments, particularly 
those of Walbum (33) and of Weichardt and their collaborators, have 
indicated that the intravenous injection of metallic salts, colloids, or 
of protein solutions, may, in certain phases of the immunization proc¬ 
ess with various microorganisms, increase the titer of circulating anti¬ 
bodies. The significance of such observations indicating that 
measures affecting the state of reactivity of the reticulo-endothelial 
system are of decisive influence in altering the immunological response, 
is discussed in a recent review by Jungeblut (34). The stimulation of 
this cellular system, as in the demonstration of “anamnestic reactions” 
results in increased immunological reactivity. Depression has been 
found to retard the development of skin sensitivity (35) and to prevent 
fatal tuberculin shock in guinea pigs (36, 37). Numerous studies in¬ 
volving extirpation of the spleen and blockade with various substances 
indicate that an intact reticulo-endothelial system is essential for nor¬ 
mal antibody formation. 
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Most of the experiments cited have dealt almost exclusively with 
effects of intravenous treatment or inoculation in altering the func¬ 
tions of the reticulo-endothelial system. The stimulating influence of 
streptococcal sepsis on this system in the rabbit has been particularly 
noted (38). That mild local cutaneous infections should have a similar 
effect might be expected, but our experiments indicate that they exert 
a considerably more marked influence than that aroused by intrave¬ 
nous stimulation. Tuft (39), recently, in calling attention to the im¬ 
portance of the skin as an immunological organ, suggests that this may 
be due to the local stimulation of cells of the reticulo-endothelial 
system which are especially abundant there. The effect of localized 
inflammation in causing a generalized stimulation of reticulo-endo¬ 
thelial structures has been noted in histologic studies of the liver (40) 
and of the bone marrow (41), and in physiological experiments (42). 

There is abundant evidence that the development of anaphylactic 
phenomena is distinctly modified by the state of reactivity of the retic¬ 
ulo-endothelial system. For example, Klinge (43) in studying the 
pathogenesis of the Arthus phenomenon in rabbits sensitized with 
horse serum, found that the local development of hyperergic inflam¬ 
mation was prevented when the cells of the reticulo-endothelial sys¬ 
tem, characteristically involved in the reaction, had become impreg¬ 
nated with trypan blue. 

It seems justifiable, therefore, to conclude that the accelerated re¬ 
sponse to intracutaneous injections of horse serum observed in the 
experiments reported here was conditioned by a state of hyperreac¬ 
tivity of the reticulo-endothelial system which had been induced by 
the antecedent streptococcal infections and injections. It may be 
that a similar conditioning of reactivity explains, in part, certain 
phenomena observed by Jones and Mote (44) in patients suffering 
from rheumatic fever. These authors noted that such patients be¬ 
came hypersensitive to rabbit serum after receiving repeated intra- 
dermal injections of very small amounts of this foreign protein. It 
seems highly probable that the rheumatic state accelerated and al¬ 
tered the mode of reactivity of these children to the test substance. 

An analogy to the phenomena demonstrated in the experiments de¬ 
scribed is perhaps found in the broadening of the zone of hypersen¬ 
sitivity known from experience to occur in patients. Sensitizations 
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caused by one substance tend to lose their monovalence and become 
polyvalent, with a demonstrable sensitivity of the skin, for instance, 
embracing many substances which may or may not be of clinical 
significance. 

SUMMARY 

1. The cutaneous responses of rabbits to small doses of horse serum 
intracutaneously is described. After an original injection of 0.1 cc. a 
secondary reaction often occurs about the 9th day, and tests at 3 
day intervals with 0.001 cc. quantities indicate that general skin hy¬ 
persensitivity is established at this time. Circulating precipitins for 
horse serum appear later. As the degree of sensitivity increases, 
lesions resulting from test doses reach a maximum development more 
quickly. 

2. The reactivity of rabbits to horse serum is greatly increased by 
antecedent sensitization of the animals with repeated small intra- 
cutaneous inoculation of indifferent streptococci or immunization with 
large intravenous injections of either indifferent or hemolytic strepto¬ 
cocci. Doses of indifferent streptococci precisely comparable to those 
producing greatly enhanced reactivity when given intracutaneously, 
increase reactivity to horse serum irregularly and to slight degree when 
injected intravenously. 

3. Increases in reactivity (allergic irritability) are made evident 
by the occurrence of larger skin lesions at the site of the primary horse 
serum injections, the earlier development of more distinct secondary 
reactions in a higher percentage of animals, and by the more rapid 
appearance of skin sensitivity to the small test doses which may be 
first evidenced by delayed reactions at these injection sites. Accom¬ 
panying these evidences of increased reactivity, there is an early 
appearance of blood serum precipitins in high titer. 

4. There was no evidence of residual inflammation in any of the ani¬ 
mals at the time reactivity to horse serum was tested. No attempt 
was made to determine the duration of this altered reactive capacity. 
It has been encountered in tests begun from 8 to 14 days after the last 
preliminary inoculation. 

5. It is suggested that the increased reaction described is brought 
about by a persisting alteration in the functional activity of the 
reticulo-endothelial system. 
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THE INFLUENCE OF SEXUAL MATURITY UPON THE 
REACTIVITY OF RABBITS TO HORSE SERUM 

By mark P. SCHULTZ, M.D. 

{From the Hospital of The Rockefeller Institute for Medical Research) 
(Received for publication, June 5,1934) 

Many observations indicate that immunological reactivity is con¬ 
ditioned to some extent by the degree of sexual maturity. In certain 
tropical and arctic communities where scarlet fever and diphtheria 
occur very rarely, negativity to both Schick and Dick tests has been 
found to develop at puberty. Certain dermatomycoses occur ex¬ 
clusively in childhood and heal spontaneously at puberty (1). The 
development of antibodies against antigen with which contact is not 
ordinarily established has been found to be similarly conditioned. 
Conflicting interpretations of such observations are discussed by Man- 
waring (2), Jungeblut (3), and Herrman (4). 

The incidence, severity, and character of the manifestations of rheu¬ 
matic fever are apparently influenced by factors associated with age 
and sex. Most observers agree that the disease is chiefly prepubertal 
in origin, some studies (5, 6) indicating that 98 per cent of first attacks 
occur before the ages of 12 or 15. These investigations also show that 
the tendency to relapse is greater in the cases earliest in onset and that 
in childhood, especially in girls, visceral disease (including carditis) 
occurs frequently with little or no concomitant arthritis. Chorea de¬ 
velops much more commonly in females but is rarely encountered after 
puberty except as a complication of pregnancy (7). Wilson, Lingg, 
and Croxford (6), among others, have stressed the fact that about the 
12th year the tendency to rheumatic infection begins to diminish. A 
recent study by von Eickstedt (8) concerning the influence of puberty 
showed that among 24 girls there were 16 recurrences of the disease in 
the 4 year period before puberty and none in the following 4 years; 
among 14 boys the figures were 11 before and 2 afterwards. 

The statement is frequently made that the incidence and severity 
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of rheumatic fever is greater in females than in males of all age groups. 
Although several general statistical compilations indicate that this is 
the case, a critical review of the more reliable sources does not sub¬ 
stantiate this unqualified conclusion. While most investigations 
demonstrate that all of the rheumatic manifestations are more fre¬ 
quent and severe in girls than in boys under 12 years of age, those 
dealing with children under 15 or including all age groups are conflict¬ 
ing in their conclusions regarding the influence of sex factors. The 
relatively greater drop in the incidence of the manifestations of rheu¬ 
matic fever in females at puberty may be attributed either to a greater 
influence of the attainment of sexual maturity in that sex or to the 
fact that while boys and girls are rather equally subjected to environ¬ 
mental factors, different influences are active in the two sexes in adult 
life; for although women are subjected to the varying influences of the 
menstrual cycle, men are somewhat more exposed to the stress and 
strain incident to hard labor and inclement weather. 

In the investigations dealing with the influence of age on the forma¬ 
tion of natural antibodies or on the response to active immunization 
(most recently summarized^ by Freund (9) and Kligler and Olitzki 
(10)), infants have been compared with adults, and both the interven¬ 
ing age periods and sex factors have, with few exceptions, been neg¬ 
lected. The purpose of the present experiments was to study the 
influence of the phase of maturation in the two sexes. 

Friedberger (11), observing rabbits at intervals from birth to maturity, found 
that natural anti-sheep erythrocyte hemolysin (amboceptor) which was present at 
birth, disappeared within 8 days and reappeared thereafter in gradually increasing 
titer until about the 88th day, with a subsequent slight fall. The time of maxi¬ 
mal concentration coincided approximately with that at which sexual maturity 
is usually established. 

Kligler and Olitzki, in titrating antibodies following subcutaneous injections of 
t 3 q)hoid vaccine in guinea pigs weighing from 245 to 770 gm., found that the highest 
titers were attained in animals of 475 to 520 gm. in weight. Agglutinins and com¬ 
plement increased in strength among younger individuals with increasing age: 
bacteriolysins were first detected in animals weighing 300 gm.; and both agglutinins 
and bacteriolysins decreased slightly in those over 520 gm. Sexual maturity in 

^ Later observations showing diflerences in immunological reactivity between 
young and mature rabbits were reported in two abstracts by Baumgartner and by 
Kahn and McDermott, at the 1934 meeting of the American Association of Im¬ 
munologists. See /. Immunol.^ 1934,28,327. 
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guinea pigs, as indicated by the onset of estrus cycles, is attained at the earliest 
^dth a weight of 300 gm. and is rarely absent in animals weighing over 500 gm.* 
The maximal increases in antibodies described took place in this interval. In 
rats ranging from 26 to 114 gm. in weight, similarly immunized, the results were 
analogous. The highest titers were attained in those weighing between 64 and 
83 gm. Sexual maturity in rats (12) as indicated by the onset of an abrupt gain 
in weight of the ovaries begins when a weight of about 60 gm. has been attained. 
The relatively greater increases in antibodies in this species began at that point. 

Burky (13) observed that rabbits less than 4 months old were insusceptible to 
the toxic action of a very poisonous broth filtrate of staphylococci, while the ma¬ 
jority of rabbits above this age reacted characteristically to intracutaneous injec¬ 
tions and succumbed after receiving this toxin intravenously. 

The observations mentioned indicate that immunological reactivity 
is greater in adults than in infants, and that the major increase takes 
place concomitantly with the phase of sexual maturation. The maxi¬ 
mal degree of immunological reactivity, however, seems to be 
reached just at the point at which physiological sexual maturity is 
attained, with a subsequent slight decline during continued adult 
life. It is to be borne in mind that in the experiments quoted no dis¬ 
tinction was made between the sexes. 

EXPERIMENTAL 

In the experiments described here, rabbits of both sexes and of varying ages are 
compared in their responses to small doses of horse serum given intracutaneously. 
The method employed and the character of the reactions studied are described in 
detail elsewhere (14). Briefly, an original injection of 0.1 cc. is followed at inter¬ 
vals of 3 days by repeated doses of 0.001 cc. The establishment of hypersensi¬ 
tivity to horse serum is indicated by the occurrence of a secondary reaction at the 
site of the original injection, by the development of lesions following the repeated 
test doses, and by the appearance of blood serum precipitins. Increased reactivity 
of the individual is manifest by an acceleration and intensification in the develop¬ 
ment of the signs of hypersensitivity. The rabbits compared were for the most 
part of a hybrid English-lilac-Havana stock, bred and raised under identical 
conditions at The Rockefeller Institute. One group only consisted in adult New 
Zealand Reds secured from a dealer. Although the age of most of the animals 
was known, it has been found more convenient to express the degree of develop¬ 
ment by weight rather than by age. 

Experiment 1 ,—Seventeen male rabbits ranging in weight from 980 to 3,050 
gm. were treated with horse serum in the manner outlined. The results are indi¬ 
cated in Table I. In the 13 individuals weighing less than 1,700 gm. no secondary 
reactions occurred, only small lesions developed in 4 animals following test doses 

* Personal communication from Professor C. R. Stockard. 
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on the 6th and 9th days; and blood serum precipitins were distinctly present in 
only one instance on the 15th day. In contrast, those weighing 1,700 gm. or more 
all developed secondary reactions, most of them responded to small test doses 
given on the 6th day, while all showed quite intense lesions to tests on the 9th day; 

TABLE I 


Responses of Male Rabbits to Small Doses of Horse Serum Intracutaneously 





Cutaneous lesions 


Precipitin reactions 

Rabbit 

No. 

Weight 

Secondary 
reaction 
on day 


Dose* 



1 nnn 

0.001 cc. 

0.001 cc. 

0.001 cc. 






Day 3 

Day 6 

Day 9 

Day 6 

Day 9 

Day 15 

mil 

gm. 

950 

0 

0 

0 

0 



d= 


980 

0 

0 

0 

0 

— 

- 

+ 


1,000 

0 

0 

0 

20 XV. 

— 

— 

=b 

R37-83 

1,075 

0 

0 

0 

0 

— 

— 

=t 

R37-84 

1,080 

0 

0 

0 

0 

- 

- 

— 

R37-79. 

1,135 

0 

0 

0 

0 

— 

± 

=fc 

R37-82 

1,170 

0 

0 

0 

0 

— 

— 

dt 

R37-77 

1,170 

0 

0 

0 

0 

— 

— 


R37-80 

1,180 

0 

0 

0 

0 

- 

- 

=fc 

R37-7S 

1,375 

0 

0 

0 

7 X p. 

— 

— 

it 

R37.03 

1,475 

0 

0 

0 

0 


— 

zh 

R36-79 

1,480 

0 

0 

12 xp. 

0 

— 

— 

it 

R37-94 

1,550 

0 

0 

0 

21x0.5 

— 

— 

— 

R36-93 

1,700 

8 

0 

15 X V. 

24x1-1- 

— 

_ 

++ 

R36-98 

1,850 

7 

0 

0 

15 X V. 


+ 

+± 

R37-33 

2,860 

9 

0 

13x0.5 

22x2 1 

— 

— 

++± 

R37-5S 

3,050 

9 

0 

20x1.5 

22xl.5-f- 


— 

++± 


Size of cutaneous lesions: average diameter x estimated height in millimeters. 
V - visible only; p - just palpable. 

Animals indicated below the double line weighed 1,700 gm. or more. 

* Doses of horse serum intracutaneously: 0.1 cc. on 1st day, and 0.001 cc. as 
indicated. 


and each individual showed precipitins in good titer by the 15th day. An accelera¬ 
tion and an intensification in the development of sensitivity is quite evident in the 
males weighing more than 1,700 gm. 

Experiment 2 ,—^Thirteen female rabbits weighing from 990 to 4,080 gm. were 
tested in a similar fashion. As indicated in Table II, cutaneous lesions developed 
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and precipitins appeared irregularly within the group. There was no indication 
that the degree of reactivity increased with advancing age. 

Experiment 3. —In further studies males were compared with females of approxi¬ 
mately the same age. The results, including animals used in Experiments 1 and 
2, are shown in Table III. In Group A males and females weighing less than 1,700 
gm. each are compared. The cutaneous lesions following the test dose on the 9th 
day were of about equal intensity, and the precipitin titrations on the 15th day 
were similar. As may be noted also in Experiments 1 and 2, the degree of reac¬ 
tivity was about the same in both sexes before a weight of 1,700 gm. was reached. 


TABLE II 

Responses of Female Rabbits to Small Doses of Horse Serum Intracutaneously 




i 

Cutaneous lesions 

Precipitin reactions 

Rabbit 

No. 

Weight 

1 

Second- 


Dose 





ary 

reaction 
on day 

0.001 cc. 

0.001 cc. 

0.001 cc. 






Day 3 

Day 6 

Day 9 

Day 6 

Day 9 

Day 12 

Day IS 

R36-90 

gm. 

990 

0 

0 

0 

17x0.5 




± 

R36-78 

1,500 

0 

0 

0 

0 

- 

— 


— 

R36-91 

1,500 

0 

0 

0 

0 


— 



R37-01 

1,530 

0 

0 

0 

0 

- 

— 

+ 


R36-97 

1,550 

9? 

0 

0 

18x0.5+ 

— 

— 


- 

R36-93 

1,600 ' 

0 

0 

0 

0 

— 

— 

+ 


R3()-99 

1,850 

0 

0 

0 

0 

— 

— 

+ 


R37-02 

1,880 

0 

0 

0 1 

0 

- 

— 

+± 


R37-98 

1,900 

0 

0 

0 ! 

0 

— 

— 

— 


R37-95 

1,950 

0 

0 

0 

15 X V. 

- 

- 


- 

R37-96 

2,000 

6 

0 

22 X p. 

20 XV. 

- 

- 


+ + 

R37-30 

3,470 

0 

0 

0 

0 

— 

— 


- 

R37-31 

4,080 


0 

0 

0 

— 

— 


— 


In Group B males and females weighing over 1,700 gm. are compared. The 
older females developed sensitivity in a manner comparable to the younger indi¬ 
viduals of both sexes. In contrast, the males over 1,700 gm. in weight showed 
secondary reactions, and distinct lesions to small test doses on the 6th and 9th 
days, while precipitins were uniformly present in good titer by the 15th day. 
Group C was similar to Group B in respect of maturity, but received an original 
sensitizing dose of 0.2 cc. instead of 0.1 cc. The same differences in reactivity, 
however, were manifest: In individuals weighing more than 1,700 gm. sensitivity 
developed more quickly and more intensely in males. 
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The results of these experiments indicate that male and female 
rabbits respond to horse serum in about the same manner before they 
have attained a weight of 1,700 gm.; that is, to about the age of 13 


TABLE III 


Responses of Male and Female Rabbits of Different Age Groups to Small Doses of 
Horse Serum Intracutaneously 


Group A 
Under 1,700 
gm. in 
weight 


Group B 
Over 1,700 
gm. in 
weight 


Group C* 
Over 1,700 
gm. in 
weight 







Cutaneous lesions 

Precipitin 




1 


Dose 



reactions 

Rabbit 

No. 

Weight 

Sex 

i 

0.001 

cc. 

0.001 cc. 

0.001 cc. 


1:1,000 

dilution 




1-9 

o a 

a® 

Day 

3 

Day 6 

Day 9 

«o 

Q 

Day 9 

Day 15 

R37-90 

gm. 

990 

Female 

0 

0 

0 

17x0.5 




R37-87 

1,500 

it 

0 

0 

0 

0 

— 

— 


R37-97 

1,550 

u 

9 

0 

0 

18x0.5+ 

— 

— 

— 

R37-86 

980 

Male 

0 

0 

0 

0 

_ 


+ 

R37-82 

1,170 


0 

0 

0 

0 

— 


dh 

R37-94 

1,550 

« 

0 

0 

0 

21 xO.5 

— 

— 

— 

R37-9S 

1,950 

Female 

0 

0 

0 

15 XV. 

_ 


_ 

R37-96 

2,000 

(( 

6 

0 

22 xp. 

20 X V. 

— 


+ + 

R37-30 

3,470 


0 

0 

0 

0 

— 

— 

— 

R37-31 

4,080 

« 

0 

0 

0 

0 

- 

- 

— 

R37-93 

1,700 

Male 

8 

0 

15 X V. 

24 X 1 + 

__ 


+ + 

R37-98 

1,850 

« 

7 

0 

0 

15 X V. 

— 

+ 

+± 

R37-3S 

2,860 

« 

9 

0 

20x 1.5- 

22x1.5+ 

— 

— 

-i-+± 

R37-33 

3,050 

it 

9 

0 

13x0.5 

22 X 2 

— 

— 

++± 

R37-28 

4,085 

Female 

10 

0 

0 

18x0.5 

_ 

_ 

+ 

R37-29 

4,190 

« 

10 

0 

0 

17x1 

— 

— 

— 

R37-32 

2,830 

Male 

7 

0 

20x2 

32x2.5 

_ 


-h-i- 

R37-34 

3,080 

u 

8 

0 

16 X 1 

22 X 1.5+ 

— 

— 

++ 


* Group C received 0.2 cc. of horse serum on 1st day. 


weeks. With advancing age beyond this point only males show an 
increasing reactivity. The situation may be represented schemat¬ 
ically as shown in Chart 1. 
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In attempting an analysis of the divergence in character of response 
with advancing age in the sexes two possible explanations suggest 
themselves: (1) There are factors peculiar to the male associated with 
physiological maturation which are responsible for increasing im¬ 
munological reactivity in that sex. (2) The effect of physiological 
maturation obtains in both sexes but is not evident in the female be¬ 
cause a coincident nullifying influence comes into play. The latter 
explanation is rendered plausible by the fact that females of the stock 
employed usually go into heat at the age of 13 weeks, when a weight 
of 1,700 gm. has been attained, while it is just at this stage of develop¬ 
ment that the divergence between the sexes in respect of reactivity 
to horse serum is first manifest. In view of this fact, and because the 
factor of estrus can be subjected to experimental investigation the 
following experiment was devised. 

Experiment 4.—Twelve adult rabbits (2,300 to 3,000 gm.) were divided into 
three groups: Group A comprised 4 males which were subjected to simple laparot¬ 
omy; Group B, 4 females similarly handled; and Group C, 4 females subjected to 
ovariectomy. 2 weeks after the operations, the animals were all tested with horse 
serum, and observations were continued for 5 weeks. Because low grade strepto¬ 
coccal infections have been found to increase reactivity to horse serum (13), the 
wounds were observed closely during life and examined carefully at autopsy to 
determine whether or not infection had developed. No correlation, however, was 
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found between the amount of inflammation in the wounds and the degree of reac¬ 
tion to horse serum. 

The results of the tests with horse serum are shown in Table IV. 
One-half the males (Group A) had secondary Reactions and 3 of them 
showed cutaneous reactions to test doses on the 9th day. In one ani¬ 
mal precipitins were detected on the 12 th day, and they were present 


TABLE IV 

Responses of Male, Female, and Ovariectomized Female Rabbits to Small Doses of 
Horse Serum ItUraculaneously 



Rabbit 

No. 

Cutaneous lesions 

Precipitin reactions 

Second¬ 

ary 

reaction 
on day 

Dose 

1:1,000 dilution 




Day 9 

Day 12 

Day 15 

Day 

12 

Day 

15 

Day 

21 

Day 29 

Group A 

R39.66 

8 

20x0.5* 

22 X 1 

24x2 

+ 

++ 

++ 


Laparotomized 

R39-67 

9 

12 X V. 

15 X V. 

18x0.5 

- 

B 

— 

-i-± 

males 

R39-68 

0 

21 xO.5 

21 X 1 

18x0.5 

- 

B 

+ 

++ 


R39-70 

0 

0 

18 X V. 

18 X p. 

- 

H 


- 

Group B 

R39-56 

10? 

V. & p. 

22 X 1 

32x2 

— 

— 


— 

Laparotomized 

R39-59 

0 

0 


V, & p. 

— 

— 


+ 

females 

R39-61 

0 

0 


21 xO.5 


=b 


-i-f- 


R39-63 

0 

0 


18x0.5 

- 

- 


— 

Group C 

R39-54 

11 

10 X p. 


20 X p. 

— 

— 

+ 


Ovariectomized 

R39-55 

9 

13 X p. 

17x0.5 

19x0.5 

— 

— 

-i-± 

+± 

females 

R39-S7 

8 

10 X p. 

18x0.5 

20x0.5 

— 

- 

- 

+ 


R39-60 

6 

23 X p. 

26x0.5 

25x0.5 

+ 

-1- 

+± 

-i-f- 


* Definitely elevated lesions are underlined. 


in good titer in 3 by the 29th day. All the castrated females (Group 
C) showed secondary reactions and slight cutaneous lesions to test 
doses on the 9th day. Precipitins appeared in about the same concen¬ 
tration as in Group A. The females subjected to laparotomy only 
(Group B), in contrast to the animals in the other two groups, had no 
definite secondary reactions, developed no distinct lesions to the test 
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doses on the 9th day, and showed in only one individual precipitins in 
concentration comparable to that in the other groups. The findings 
indicate that adult female rabbits with intact ovaries develop sensi¬ 
tivity to horse serum more slowly and less intensely than do males or 
castrated females. 

At operation the uteri of all the animals in Group B were large and 
red, indicating that at the start of the experiment all members of this 


TABLE V 

Responses of Laparotomized and OvariecUmized Female Rabbits to Small Doses of 
Horse Serum Intracutaneously 




1 

S 

u 

Cutaneous lesions 

Precii^- 
tin re¬ 
actions 

Rabbit 

Operation 

i 

it 


L 

Dose 

No. 


•3 ? 











k o 

0.001 cc. 

0.001 cc. 

0.001 cc. 

0.001 cc. 

1:1,000 





o a 










0.2 

r 

Day 5 

Day 6 

Day 9 

Day 12 

Day 12t 



gm. 

per 

cent 







R38-78 

Laparotomy 


0.48 

0 

0 

0 

20 X 1 

0 

- 

R38-77 

« 

11.25 

0.42 

0 

0 

0 

15x0.5 


— 

R38-80 

Ovariectomy 

8.25 

0.38 

9? 

0 

0 

20x1+ 

35x1.5 

- 

R38-75 

Laparotomy 

7.5 

0.36 

D 

0 

16 X l — 

21 X 1 + 

24 x V 

+ 

R38-76 


7.5 

0.28 

8 

16x0.5 

20x 1-h 

33x2.5 

55x2 

++ 

R38-85 

Ovariectomy 

5.25 

0.20 

6 

22x1.5 

18x 1.5 

42 X 3 


++ 

R38-86 

« 

iO 

0.16 

6 

0 

20x 1.5 

47x3 

53x3- 

+++ 

R38-81 

u 

3,5 

0.13 

7 

12 XV. 

17 X 1 

23x1.5 


++ 


^ Weight of uterus and vagina 
100 gm. body weight 

t Precipitin reactions on 9th day were all negative. 


group were in heat. Autopsies were not performed until months 
later, but at that time the uteri in Group B were large and red in con¬ 
trast to the atrophic pale uteri in Group C. There was no proof, how¬ 
ever, that such a uniform difference existed in the uteri of the two 
groups several weeks earlier when differences in reactivity to horse 
ser um were being manifest. It may be noted, also, that in general 
Skin lesions were smaller than in unoperated animals, suggesting that a 
2 week interval may be an insufficient period for recuperation from the 
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effects of operation in experiments of this character. A fifth experi¬ 
ment was, therefore, devised in which these disturbing factors were 
reduced to a minimum. 

Experiment 5.—^Eight adult female rabbits were subjected to laparotomy at 
which time the ovaries were removed from 4 of them. A period of 1 month was 
allowed for recovery, and autopsies were performed 13 days after the first injection 
of horse serum. In other particulars, Experiment 4 was repeated. The results 
are shown in Table V, ordered according to the degree of estrus present in each 
animal as evidenced by the relative weights of the uteri at autopsy. Those at the 
top of the list had relatively large uteri and were definitely in heat; those at the 
bottom with small uteri were not. It is to be noted that in one instance (R 38-80) 
the object of the ovariectomy was not accomplished, for although at autopsy no 
residual ovarian tissue could be identified grossly, the general appearance of the 
uterus indicated that the animal was in heat. In at least one instance (R 38-76) 
although the ovaries were intact the uterus was not in the estrus stage. 

Probably in consequence of the long recuperative interval after operation in this 
experiment, cutaneous lesions developed in characteristic fashion. The test with 
horse serum indicated a distinct difference in degree of reactivity between the 
animals definitely in heat and those in which atrophy of the uterus had taken place, 
with a gradual transition between the two extremes. The two individuals (R 38- 
78 and R 38-77) with very large uteri and intact ovaries had no secondary reactions, 
showed only slight cutaneous lesions to test doses of 0.001 cc. beginning on the 9th 
day, and did not develop precipitins by the 12th day. The 3 castrated rabbits 
with very small uteri (R 38-85, R 38-86, and R 38-81) all had early secondary reac¬ 
tions, showed skin reactivity to test doses of 0.001 cc. beginning on the 5th day 
and becoming quite intense on the 9th and 12th days, and all developed precipitins 
in good titer by the 12th day. 


DISCUSSION 

These experiments indicate that in male rabbits of the stock em¬ 
ployed reactivity to horse serum injected intracutaneously increases 
with age after 13 weeks, or, in other words, after a weight of approxi¬ 
mately 1,700 gm. is attained. In normal females in estrus this in¬ 
crease does not occur with advancing age. Although castrated fe¬ 
males showed increasing reactivity coincident with the absence of 
estrus, the degree of increase was insuflScient to account for the diver¬ 
gence exhibited between adult male and female rabbits. It seems prob¬ 
able, therefore, that there may be some additional factor besides es¬ 
trus to account for the differences in reactivity in the two sexes after 
attaining maturity. 
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Friedberger’s work demonstrating that in rabbits there is an in¬ 
crease in normal hemolytic amboceptor from the 8th to the 88th days 
of life with a subsequent slight fall has been mentioned. An inspec¬ 
tion of the protocols of his experiments indicates that although the 
rise in titer was evident in each of the 20 animals studied, the slight 
fall after the 88th day was confined to the 15 females, while the con¬ 
centrations of this antibody continued to rise irregularly in the 5 males. 
In our experiments, the divergence between males and females oc¬ 
curred after the 13th week (91st day). Friedberger’s experiments, 
therefore, appear to indicate that the concentration of normal hem¬ 
olytic amboceptor is affected by the same factors which influence 
reactivity to horse serum. 

We have found no other record of analogous immunological obser¬ 
vations. The experiments of Barron (15) indicate, however, that re¬ 
activity to drugs may be conditioned in a comparable manner by the 
character of sexual maturity. In administering sodium amytal to 
rats varying between 30 and 400 gm. in weight, he found that the 
quantity required to produce deep non-fatal anesthesia became greater 
with increasing weight in males. Females responded similarly until 
a weight of 60 gm. was reached, but thereafter they required a rela¬ 
tively smaller quantity. The tolerance of males beyond this period, on 
the other hand, increased sharply. This sex difference appeared at 
an age when the ovaries begin to increase rapidly in weight. 

SUMMARY 

1. Normal rabbits in the course of their development, after infancy, 
vary in their responses to minute doses of horse serum given intra- 
cutaneously. 

2. There is increased reactivity in males as they mature, beginning, 
in the stock employed in these experiments, at about the age of 13 
weeks when a weight of 1,700 gm. has been attained. 

3. The reactivity of normal females remains at a constant level and 
the increase demonstrated in males does not take place. 

4. The divergence in degree of reactivity between males and females, 
beginning with the establishment of estrus, indicates that factors 
associated with sexual maturity in females are responsible for their 
low reactivity. 
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5. The suppression of estrus by operative removal of the ovaries 
results in an increase of reactivity which, however, in the experiments 
reported here is probably not great enough to account entirely for the 
difference in reactivity between mature males and females. 
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ERNST VAUBEL, M.D. 

(Front the Hospital of The Rockefeller Institute for Medical Research) 
(Received for publication, July 2, 1934) 

An important part of investigations dealing with tissue cultures is 
the estimation of the amount of growth occurring under a given set of 
conditions; and for this purpose the procedure described by Ebeling 
(l) has proven the most satisfactory. Those employing this method rec¬ 
ognize that it does not give an accurate picture of the total number of 
cells that have grown in the culture, because the areas drawn represent 
extension in only two dimensions, and fail to consider the third as 
represented by the thickness of the growth. The critics of this pro¬ 
cedure, nevertheless, have offered no practical substitute; and many 
investigations continue to be recorded in which no quantitative cri¬ 
teria are applied. The microscopic appearance of the cells is obviously 
important in helping one to form a final judgment, and should not be 
neglected. If, therefore, the data for both quantitative and qualita¬ 
tive criteria could be gathered from a single manipulation, certain 
distinct advantages would follow. The purpose of this communica¬ 
tion is to describe a simple method whereby fairly satisfactory quanti¬ 
tative data can be easily acquired. 

The method of Ebeling necessitates considerable apparatus. For 
the drawing of the silhouette some form of projectoscope is required, 
and if the source of light is very hot the culture must be protected by 
a heat-absorbing chamber. Unless the apparatus is in a warm room 
the culture flasks or slides are subjected to cooling with a consequent 
retarding of growth. The accuracy of the results depends, naturally, 
upon the experience of the observer in outlining the silhouettes and in 
planimetry, and also upon an understanding of the relationships of 
these two maneuvers one to the other. In fact, the limitations of 

335 



336 


ESTIMATION OF GROWTHS IN TISSUE CULTURES 


tissue culture technique make too minute measurements unnecessary. 
A planimeter is, however, needed for the determination of the area 
occupied by the drawn silhouette. As eight or more growths are 
generally used in each portion of an experiment, the time required for 
making tracings and measurements is no small item; and this must be 
followed by calculation of increments of growth and of comparative 
indices. Usually the increment represents the average of calculations 
from a number of growths, and the indices are quotients of the average 
growth under some special experimentally arranged condition divided 
by an average growth under normally arranged condition. 

After having become familiar with the above described technique, 
it seemed to us desirable to determine whether a simpler method might 
not give almost as satisfactory results, and thus be applicable in 
laboratories where the more elaborate apparatus is not available. 

Methods 

Transplants of actively growing fibroblasts were divided into an equal number 
of pieces, half of which were placed in Carrel flasks containing media representing 
an abnormal environment and half in a normal environment. The transplants 
were identified so that their origin could be traced. Their increment of growth 
was then estimated by one of us with the projectoscope, planimeter, adding 
machine and slide rule, according to Ebeling^s technique. Simultaneously another 
observer estimated the increments of growth as follows: An eyepiece disc microm¬ 
eter was placed on the diaphragm of a 10 X ocular which was used with an 
180 mm. objective for the measurements of the transplants. The micrometer 
scale contained 100 equal divisions, with every tenth division numbered; and 
measurements were carried out to the nearest unit of 5. As the transplants 
originally were irregularly rectangular, the first measurement was made with the 
micrometer scale extending through the longest axis of the transplant; the ocular 
was then turned 90® and a second measurement was made through the other axis. 
If the transplant was very irregular in outline allowance was made so that ap¬ 
proximately equal portions would extend outside and inside an imaginary line 
projected at right angles to the end of the axis being measured. On subsequent 
days as the growths assumed more and more a circular outline, the two axes were 
measured in the same manner. At the same time note was made of the qualita¬ 
tive character of the growth and the various elements composing it, and of the 
thickness of the culture by focusing at different levels. 

The calculations of increments were made on the assumption that the areas 
occupied by the growths were perfectly circular, an assumption not in accord 
with the facts, but of sufficient validity so that the results might be tested against 
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the more accurate data obtained with the projectoscope and planimeter. The 
average radius of any given lot of transplants was calculated as follows: 

_ _ Sum of all axes _ 

^ 4 X number of transplants 


The approximate average areas could be calculated from the formula r and 
from these areas the increments of growth could be determined. Comparative 
increments of growth, on the other hand, could be estimated directly from the 


squares of the radii as indicated in the formula 




where ro is the aver¬ 


age radius of the original transplant, and r* is the average radius on any given 
day. The effect of any given experimental environment, as in the case of the 
measurements made with the projectoscope, was calculated by the formula 


Increment under experimental environment ^ 
Increment under normal environment 


RESULTS 

The comparative results with the two methods are shown in Table 
I, where a surprisingly close agreement is seen in most instances, par¬ 
ticularly in the case of older growths in which the new cells occupied a 
more nearly circular area than in the first 2 or 3 days after transplanta¬ 
tion. A comparative index of more than 1 indicates that the experi¬ 
mental environment was more favorable than the normal one, and 
conversely an index of less than 1 shows the experimental environment 
was less favorable. In no case was the sign of the index different by 
the two methods; and in only part of one experiment (T-68) did the 
indices vary widely. In this case the observer was making his first 
ocular micrometric measurements; and the growths during the first 
few days showed marked irregularity so that calculations made on the 
assumption of a circular growth would not obtain. When, in the 
later days of the experiment, the growth became more circular and the 
observer more experienced, the indices agreed more closely. By cal¬ 
culating the initial areas of the transplants according to their true 
shape—square, triangular or circular—doubtless the two sets of fig¬ 
ures could be brought into closer agreement. 

In recording the rates of migration and growth of cells from explants 
of spleen and buffy coats of blood we have found the ocular micrometer 
especially useful, because the areas occupied by different types of cells 
could be more accurately measured on account of the possibility of 
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obtaining a microscopic picture of each cell simultaneously with the 
measurements. The fact that these migrating cells quickly occupy a 
circular area also tends to make the two methods agree more closely 
than in the case of fibroblastic growths. 

Another advantage of the ocular micrometric method is the pos¬ 
sibility of placing the microscope in a warm box during the period 
of measurement, and thus one may avoid chilling the cultures and 
retarding their growth. 


DISCUSSION 

In presenting the ocular micrometer measurements as a basis for 
the calculation of growths of tissue cultures we do not mean to imply 
that it is as accurate as those given with the projectoscope and planim- 
eter, nor do we think that the ocular micrometer has not been pre¬ 
viously employed in examining tissue cultures, since remarks are en¬ 
countered in the literature indicating that it has been used. In 
neither Fischer’s book (2), in Levi’s article on technique (3), nor else¬ 
where, have we found that approximate areas calculated from measure¬ 
ments of axes have been used for estimation of increments of growth 
or for comparative indices. While the simple inspection of growths 
will often give a fairly correct idea of the influence of a particular en¬ 
vironment on the growth of cells in vitro, in many instances, where the 
culture media is composed of complex substances, it becomes necessary 
to keep quantitative records of the increment of growth if one is to 
estimate the effect of the components in the medium. The demands 
for quantitative data are even more pressing as one multiplies the 
number of pieces examined and the number of factors in the environ¬ 
ment. Because the results of estimating the areas, and especially the 
comparative growth indices, were in such close agreement we feel that 
where the more complicated apparatus is not available one is justified 
in employing a method requiring simply an ocular micrometer and slide 
rule in addition to the usual material demanded for tissue cultures. 

SUMMARY 

In estimating the increments of growth of tissue cultures and of 
comparative indices it is possible to use areas calculated from measure¬ 
ment of two axes made with an ocular micrometer in an ordinary mi- 
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croscope. On the assumption that the growths are approximately 
circular in outline the squares of their radii are used as the factors for 
comparison. Results obtained with this method agree fairly closely 
with those derived from projectoscopic drawings and planimetric 
measurements. 
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THE ANTIBODY RESPONSE OF RABBITS TO INJECTIONS OF 
EMULSIONS AND EXTRACTS OF HOMOLOGOUS BRAIN 

By FRANCIS F. SCHWENTKER, M.D., and THOMAS M. RIVERS, M.D. 

{From the Hospital of The Rockefeller Institute for Medical Research) 
(Received for publication, July 30, 1934) 

Since the discovery of hemolysins by Bordet attempts have been 
made to demonstrate antibodies against practically every type of cell 
and tissue in the body. Most of the efforts were prompted by the 
idea that certain diseases, for example nephritis and diabetes, charac¬ 
terized by degenerative changes in the affected organs, might be due 
to the development of antibodies against the tissues of the particular 
organ involved. However, the early claims made for the specificity of 
organ antibodies have been discounted to such an extent by later more 
seasoned work that the theories evolved from them have been dis¬ 
carded in the majority of instances. In the period since 1926, Brandt, 
Guth, and Muller (1) and others (2, 3,4) have demonstrated that brain 
tissue contains an alcohol-soluble lipoid which functions as a haptene 
and that when this lipoid is mixed with a heterologous protein a com¬ 
plete antigen is formed capable of inciting in animals the development 
of complement-fixing antibodies which are organ- rather than species- 
specific. This discovery again opens, for brain at least, the question 
of the etiological role of organ-specific antibodies in certain degenera¬ 
tive diseases and strengthens materially the hypothesis that the 
encephalomyelitis which follows antirabies vaccination, if not the 
entire group of postinfection encephalitides, is in some manner asso¬ 
ciated with the development of specific antibodies for brain. 

EXPERIMENTAL 

Since a number of workers (2, 4) have already shown that fresh 
emulsions of homologous brain possess little or no antigenicity and 
that only when a heterologous protein is added to the brain haptene 
does it become a complete antigen, we were interested to see whether 
certain degenerative processes such as autolysis are capable of altering 
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homologous brain material to such an extent that it becomes a com¬ 
plete antigenic complex. If this proved to be so, we planned to study 
the characteristics of the antigen as well as of the antibodies elicited by 
it. To this end rabbits were injected (1) with freshly prepared emul¬ 
sions of rabbit brain, (2) with similar emulsions to which pig serum 
had been added, (3) with sterile emulsions of rabbit brain that had 
been allowed to stand at room temperature for 5 to 30 days, (4) with 
fresh emulsions prepared from rabbit brains experimentally infected 
with vaccine virus, and (5) with alcoholic extracts of rabbit brain plus 
pig serum. Following the injections sera of the animals were examined 
by means of complement fixation tests for the presence of antibodies 
against aqueous emulsions and alcoholic extracts of various organs. 

Methods 

Rabbits. —Only young mature rabbits averaging 2000 gm. in weight were used. 
To insure a maximum uniformity in the antibody response, only pure-strain 
self-blue English rabbits received injections. The rabbits which received inj*ec- 
tions of emulsions of brain infected with vaccine virus were immunized 2 weeks 
prior to the initiation of the experiment by means of intradermal injections of 0.25 
cc. of a 1:10 dilution of vaccine virus prepared in tissue culture according to the 
method of Rivers (5). 

Emulsions of Fresh Brain. —5 gm. of brain tissue removed aseptically from a 
rabbit were ground in a mortar with alundum until thoroughly macerated. 80 cc. 
of Locke’s solution were added by increments during the process of grinding until 
the tissue was well emulsified. The suspension was then centrifuged at low speed 
for 2 minutes and the supernatant fluid removed by means of a pipette. The 
inoculum was prepared by the addition of 10 cc. of Locke’s solution to each 40 cc. 
of the supernatant fluid. 

Emulsions of Fresh Brain Plus Pig Emulsions of fresh brain plus pig 

serum were prepared in a manner similar to that just described for the preparation 
of emulsions of fresh brain, except that in the final step, 10 cc. of pig serum, instead 
of Locke’s solution, were added to each 40 cc. of the centrifuged suspension. 

Emulsions of Autolyzed Brain. —^Brain tissue was ground directly to a 5 per cent 
emulsion in a manner similar to that described for the preparation of emulsions of 
fresh brain. The supernatant fluid from the centrifuged suspension was trans¬ 
ferred to a sterile flask that was then closed by a cotton plug over which were 
placed several layers of tin-foil. This material was allowed to stand at room 
temperature during the course of the experiment. As required for the injections, 
portions of the emulsion were removed from 5 to 30 days after preparation. Be¬ 
fore use and from time to time during the experiment samples of the emulsion were 
tested for the presence of bacterial contaminants by means of aerobic and anaerobic 
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cultures made in meat infusion broth (pH 7.8) and on blood agar. In no case 
during the course of an experiment were bacteria grown from emulsions found 
sterile at the start. 

Emulsions of Brain Infected with Vaccine Virus, —A rabbit was inoculated 
intracerebrally with 0.25 cc. of a 5 per cent emulsion of rabbit brain infected with 
the Levaditi strain of vaccine virus. On the 3rd day after injection usually at 
the height of the infection the rabbit was killed. A 5 per cent emulsion in Locke’s 
solution was prepared from the brain, the technique being similar to that described 
for the preparation of emulsions of fresh normal brain. The absence of ordinary 
bacterial contaminants in the brain was shown by means of aerobic and anaerobic 
cultures made in meat infusion broth (pH 7.8). On each occasion an additional 
rabbit was inoculated intracerebrally with a portion of the emulsion in order to 
furnish brain material for the next immunizing injection. 

Alcoholic Extracts. —Alcoholic extracts of brain were prepared in the following 
manner: A known amount of tissue was thoroughly macerated in a mortar to 
which were added 5 cc. of 95 per cent ethyl alcohol for each gram of brain. The 
mixture was transferred to a flask which was then closed by a well fitting cork and 
allowed to stand at room temperature for 5 to 10 days. Then the material was 
passed through filter paper. In order to make immunizing emulsions 10 cc. of the 
filtrate were evaporated almost to dryness on the water bath and the residue was 
emulsified in 20 cc. of Locke’s solution to which 5 cc. of pig serum had been added. 
For the experiments in which alcoholic extracts of organs other than brain were 
used the method of preparation of the extracts was the same. 

Immunization of Rabbits. —Each rabbit received intraperitoneally 10 injections 
of 5 cc. of the brain emulsions or brain extracts. The inoculations were made at 
intervals of 2 or 3 days, and 10 days after the last injection the animab were bled 
from ear veins to furnish sera for the complement fixation tests. 

Complement Fixation Test, —^The antisheep-cell system was used in the comple¬ 
ment fixation tests. 0.2 cc. of diluted inactivated antiserum from rabbits that had 
received the different preparations of brain, 0.2 cc. of antigen (organ emubions or 
extracts), and 0.2 cc. of guinea pig serum diluted so as to contain 2 units of comple¬ 
ment, were mixed in a Wassermann tube and incubated for 30 minutes at 37®C. in 
a water bath. 0.2 cc. of 5 per cent suspension of washed sheep cells and 0.2 cc. 
(2 units) of antisheep-cell amboceptor were added and the tubes again incubated 
for 30 minutes at 37°C. The results of the tests were recorded in terms of the 
amount of fixation of complement, from 4*+- indicating total complement fixation 
and no hemolysis to — designating complete laking of the sheep cells. Two types 
of antigen were used in the tests, aqueous emubions and alcoholic extracts. In 
order to make aqueous antigens 1 gm. of the particular organ desired was thor¬ 
oughly ground in a mortar with alundum, and 25 cc. of physiological saline solution 
were added by increments during the process of grinding until a homogeneous 
emulsion resulted. This suspension was filtered through a tightly folded pad of 
absorbent cotton to remove the alundum and large bits of tissue. When less 
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concentrated emulsions were used, the necessary dilutions were made from the 
original 1:25 suspension. The preparation of alcoholic antigens was accom¬ 
plished by the evaporation of a known volume of the alcoholic organ extract 
almost to dryness on a water bath and the suspension of the residue in a given 
volume of physiological saline solution. The concentration of this antigen was 
designated by the ratio between the original volume of alcoholic extract used and 
the amount of saline solution in which the residue was resuspended. 


TABLE I 

Summary of Results of Complement Fixation Experiments Indicating the Presence 
or Absence of Antibodies in the Sera of Rabbits Injected with Various Emulsions 
and Extracts of Homologous Brain 


Amount of complement fixed by different antisera 
in the presence of an aqueous emulsion of rabbit brain 


Material used for immunization 


Dilution of serum 



1:5 

1:10 

1:20 

1:40 

1:80 

1:160 

Fresh rabbit brain. 

1 _ 

_ 

1 _ 

1 — 


_ 

“ ** ** plus pig serum. 

4+ 

4+ 

2 + 

— 



Autolyzed rabbit brain. 

4+ 

4+ 

4+ 

4+ 

2 + 

_ 

Vaccine virus rabbit brain. 

4+ 

4+ 

4+ 

4+ 

1 + 

— 

Alcoholic extract of rabbit brain plus pig 
serum. 

4+ 

4+ 

1 + 



- 


4-f- indicates complete fixation of complement. 

— indicates no fixation. 

The results given for alcoholic extract of rabbit brain plus pig serum were taken 
from another experiment and are therefore not strictly comparable to the others. 


Antigenicity of Homologous Brain 

In order to test the antigenic qualities of homologous brain six 
experiments were performed, in which 79 rabbits were used. The ani¬ 
mals in each experiment were divided into groups of four or five, and 
each group of animals received injections of one of the preparations of 
homologous brain tissue described above. For the most part each 
experiment was a repetition in whole or in part of the others. The 
results obtained in a typical experiment have been summarized in 
Table I and clearly show (1) that rabbits injected with fresh emulsions 
of homologous brain developed few or no antibodies against brain 
tissue, (2) that antibrain antibodies were elicited by fresh emulsions of 
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homologous brain to which pig serum had been added, (3) that autob 
ysis alone changed the nature of homologous brain tissue to such an 
extent that it became a complete antigen, (4) that rabbits which 
received injections of emulsions of fresh homologous brain infected 
with vaccine virus readily developed antibrain antibodies, and (S) 


TABLE II 

Summary of Results of Complement Fixation Tests Conducted with Sera of Rabbits 
Immunized with Autolyzed Homologous Brain Emulsions 


Antigen 

Dilution 

of 

antigen 

Dilution of serum 

1:5 

1:10 

1:20 

1:40 

1:80 

1:160 

1:320 

1:640 

Emulsion of rabbit brain. 

1:50 

4+ 

4+ 

4+ 

44- 

4+ 

44- 

34- 

_ 


** kidney. 

1:50 

4+ 

4+ 

34- 

— 

— 

— 



it 

‘‘ “ liver. 

1:50 

4+ 

1+ 

— 


— 

— 



tt 

** “ spleen. 

1:50 

3+ 

— 

— 

— 

— 

— 



a 

** ** red cells 

1*25 









« 

** guinea pig brain. 

1:50 

4+ 

4+ 

44- 

t 

4-f 

4-f 

1+ 

__ 

t* 

“ “ “ kidney. 

1:50 

4+ 

4+ 

2+ 


— 

— 



a 

“ “ “ liver. 

1:50 

4+ 

4+ 

1 + 

— 

— 

— 



u 

** “ ** Spleen. 

1:50 

4+ 

1+ 

— 

— 

— 

— 



a 

rollc 

1:25 









Alcoholic extract of rabbit brain. 

1:2 

4+ 

44- 

3+ 

_ 

_ 




« 

“ ** « kidney. 

2:1 

- 

— 

— 


— 

— 




“ « liver 

2:1 









a 

“ “ “ spleen. 

1:2 

- 

- 

- 

- 

- 

- 




4-1- indicates complete fixation of complement. 
— indicates no fixation. 


When aqueous emulsions were used as antigens in the tests lack of organ specifi¬ 
city is evident. Organ specificity is obvious in the tests in which alcoholic extracts 
were used. 

that antibodies against brain tissue appeared in the serum of rabbits 
injected with emulsions of alcoholic extracts of rabbit brain to which 
pig serum had been added. 

Specificity of the Antiserum 

Having demonstrated that autolytic or disease processes acting on 
brain tissue can cause it to become fully antigenic for homologous 
animals, we proceeded to determine whether the antibodies elicited by 
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such altered brain material are specific for brain. For this purpose, 
an antiserum prepared in rabbits by means of injections of emulsions 
of autolyzed brain tissue was subjected to complement fixation tests in 
which aqueous emulsions of rabbit brain, kidney, liver, spleen, and red 
blood cells as well as emulsions of similar organs of the guinea pig were 
used as antigens. In addition, the antiserum was tested against 
alcoholic extracts of various rabbit organs. The results of one experi¬ 
ment are shown in Table II. The antiserum reacted most strongly 
with rabbit and guinea pig brain, yet some antibodies were also present 


TABLE III 

Summary of Results of Complement Fixation Tests Conducted with Sera of Rabbits 
Immunized with Alcoholic Extracts of Rabbit Brain Plus Pig Serum 


Antigen 

Dilution 

of 

antigen 

Dilution of serum 

1:5 

1:10 

1:20 

1:40 

1:80 

1:160 

Emulsion of rabbit brain. 

1:50 

4+ 

4+ 

4+ 

3+ 

1+ 

— 

« 

“ ** kidney. 

1:50 

2+ 

- 

— 

— 


-- 

« 

“ “ liver. 

1:50 

— 

— 


— 

— 


tt 

** ** spleen. 

1:50 

- 

- 


- 

- 

- 

a 

** guinea pig brain. 

1:50 

4+ 

4+ 

4+ 

2+ 

— 

— 

a 

“ » kidney. 

1:50 

3+ 

- 

- 

— 

- 

— 

it 

‘‘ ** liver. 

1:50 

— 

— 

— 

— 

— 

— 

it 

“ “ " spleen. 

1:50 

1-f 

— 

— 

— 

— 

— 


4+ indicates complete fixation of complement. 

— indicates no fixation. 

The results of the complement fixation tests show almost complete organ specifi¬ 
city. Compare with results shown in Table II. 

against the tissues of practically all the other organs of the rabbit and 
guinea pig that were tested. When alcoholic extracts were used as 
antigens in the complement fixation tests, however, the antiserum was 
organ-specific (brain-specific) within the range of antigens used. 
Several workers (3, 6, 7, 8) have reported similar results for antisera 
prepared by the immunization of animals with emulsions of heterolo¬ 
gous brain. Further tests for organ specificity were made on antisera 
which had been prepared by the injection into rabbits of alcoholic 
extracts of homologous brain plus pig serum. The results, summarized 
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in Table III, show that such sera were almost completely organ-specific. 
The minor fixations of complement in the presence of emulsions of 
other organs were overshadowed by the high titer of the antisera in the 
presence of brain antigen. This quantitative organ specificity of 
antisera prepared by injections of alcoholic extracts of brain has been 
noted by a number of investigators (9,10). 

When one considers the complex nature of the emulsions of brain 
with which the rabbits were immunized, a possible cause becomes 
apparent for the lack of specificity evidenced by the antibodies when 
they were tested for ability to fix complement in the presence of aque¬ 
ous emulsions of different organs. The brain undoubtedly contains 
certain tissues which are common to other organs. For lack of more 
exact knowledge we shall consider the common factor to be connective 
tissue. Rabbits immunized with emulsions of brain therefore develop 
antibodies against connective tissue as well as against the specific brain 
antigen. Since the connective tissue antigen apparently is not as 
alcohol-soluble as is the antigen of brain, complement fixation tests 
done with alcoholic antigens show more pronounced organ specificity. 
If this reasoning is correct, the serum of rabbits immunized against 
emulsions of brain must contain at least two, perhaps more, kinds of 
antibodies, one specific for brain antigen and another which is not 
organ-spedfic. A similar theory for the lack of specificity in antisera 
prepared in animals by the injections of emulsions of heterologous 
organs has already been advanced by Flcisher and his co-workers (6,7). 

Absorption of Antibodies 

In order to determine whether non-specific as well as specific anti¬ 
bodies were present in the antibrain sera a number of absorption 
experiments were performed. 

Method of Absorption.—h. 1:2S emulsion, in physiological saline solution, of the 
desired organ was made in a manner similar to that used for the preparation of 
antigens for complement fixation tests. The technique of this procedure has 
already been described. The organ emubion was then added to an equal volume 
of a 1:2.5 Hiln rinn, in physiological saline solution, of the antiserum, and the mix¬ 
ture was heated at Sfi^C. for 2 hours in the water bath. After standing overnight 
at room temperature it was centrifuged at high speed for half an hour, and the 
supernatant liquid was recovered with a pipette. In order to remove all of the 
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antigen-antibody complex, however, it was necessary to pass the mixture through 
a Seitz filter. As a control a second sample of the same antiserum was subjected 
to similar manipulations with the exception that physiological saline solution was 
added to it instead of an absorbing antigen. Experiments were also carried out 
in which an alcoholic extract of brain was used as an absorbing agent. The tech¬ 
nique was similar to that just described except that a 1:16 dilution of the alcoholic 
antigens was found to yield maximum absorption. 


TABLE IV 

Summary of Results of Complement Fixation Tests Conducted with Antibrain Serum 
before and after Absorption with Aqueous Emulsions of Rabbit Kidney 


Serum 

Antigen 

Dilution 

of 

antigen 

Dilution of serum 

1:5 

1:10 

1:20 

1:40 

1:80 

1:160 

Unabsorbed 

Emulsion of rabbit brain 
“ “ kidney 

“ “ spleen 

** guinea pig brain 
‘‘ kidney 

« “ ** spleen 

1:600 

1:50 

1:50 

1:50 

1:600 

1:50 

1:50 

1:50 

4+ 

4+ 

4+ 

3+ 

4+ 

4+ 

4+ 

4+ 

4+ 

4+ 

1+ 

4+ 

4+ 

4+ 

1+ 

3+ 

3+ 

4+ 

2+ 

1+ 

1+ 

___ 

2+ 

- 

- 


Emulsion of rabbit brain 

1:600 

4+ 

4+ 

2+ 

— 

— 



u 

n « 

kidney 

1:50 

- 

- 

- 

- 

- 

- 

Absorbed with 

u 

ft ft 

liver 

1:50 

— 

— 

— 

— 

— 

— 

aqueous 

« 

ff « 

spleen 

1:50 

- 

- 

- 

- 

- 

- 

emulsion of 

(( 

** guinea pig brain 

1:600 

4+ 

4+ 

3+ 

2+ 

— 

— 

rabbit kidney 

« 

(( « 

“ kidney 

1:50 

- 

- 

- 

— 

- 

— 


« 

ff ft 

liver 

1:50 

— 

— 

— 

— 

— 

— 


it 

ft ft 

** spleen 

1:50 

— 

- 

— 

— 

— 



4+ indicates complete fixation of complement. 

— indicates no fixation. 

The results of the absorption experiments show that an emulsion of rabbit 
kidney removed the non-specific antibodies from the antibrain serum. 

Three kinds of absorption experiments were conducted. In the first, 
antibrain sera were absorbed with emulsions of rabbit kidney which, 
containing only non-specific antigen, should not remove specific anti¬ 
bodies for brain. In the second, emulsions of rabbit brain which con¬ 
tain both the specific and non-specific antigens were used for absorp¬ 
tion. In this case both kinds of antibodies should be removed from 
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the antisera. And finally antibrain sera were absorbed with alcoholic 
extracts of rabbit brain which contain only or principally the specific 
antigen and should therefore remove from the sera only the specific 
antibodies for brain. The results of these absorption experiments are 
summarized respectively in Tables IV, V, and VI. From the results 


TABLE V 

Sutniftaty of Results of Cowplentent Fixation Tests Conducted with Antibrain Serum 
before and after Absorption with Aqueous Emulsions of Rabbit Brain 


Serum 

Antigen 

Dilution 

of 

antigen 

Dilution of serum 

1:5 

1:10 

1:20 

1:40 

1:80 

1:160 

Unabsorbed 

Emulsion of rabbit brain 
“ “ kidney 

“ liver 

** “ “ spleen 

“ guinea pig brain 

'' '' ‘‘ kidney 

** ** ** spleen 

Alcoholic extract of rabbit brain 

1:600 

1:50 

1:50 

1:50 

1:600 

1:50 

1:50 

1:50 

1:2 

4+ 

4+ 

4+ 

3+ 

4+ 

4+ 

4+ 

4+ 

4+ 

4+ 

4+ 

1+ 

4+ 
4+ 
4+ 
1 + 
4+ 

4+ 

3+ 

4+ 

2+ 

1+ 

3+ 

3+ 

2+ 

2+ 

1+ 

Absorbed 
with aque¬ 
ous emul¬ 
sion of 
rabbit 
brain 

Emulsion of rabbit brain 
** kidney 

« » ‘‘ spleen 

“ “ guinea pig brain 

« i< « it 

« a U it UygJ 

1 “ it a t( gpieen 

Alcoholic extract of rabbit brain 

1:600 

1:50 

1:50 

1:50 

1:600 

1:50 

1:50 

1:50 

1:2 


- 

““ 


- 

- 


4+ indicates complete fixation of complement. 

— indicates no fixation. 

The results of the absorption experiments bhow that an emulsion of brain 
removed both the specific and non-specific antibodies from the antibrain serum. 

shown in Table TV it can be seen that an emulsion of rabbit kidney 
absorbed the non-specific antibodies from the serum so that it failed to 
react to any organ emulsion except that prepared from brain. When 
the absorption was carried out with an emuldon of rabbit brain (Table 
V) which contains both the specific and non-specific antigens, both 
kinds of antibodies were removed and the serum failed to fix comple- 
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ment in the presence of any of the organ emulsions. Finally, absorp¬ 
tion of the antiserum with an alcoholic extract of rabbit brain (Table 
VI) resulted principally in the removal of antibodies against brain, 
permitting the serum still to react with emhlsions of all the organs 
which contained the non-specific antigen. One might wonder why 
the antiserum absorbed with the alcoholic extracts of brain did not 
react to a slight extent with emulsions of brain as well as with emul¬ 
sions of other organs because brain tissue contains both specific and 


TABLE VI 

Summary of Results of Complement Fixation Tests Conducted with Antibrain Serum 
before and after Absorption with Alcoholic Extract of Rabbit Brain 


Serum 

Antigen 

Dilution 

of 

antigen 

Dilution of serum 

1:5 

M 

1:20 


1:80 

jjjfl 


Alcoholic extract of rabbit brain 

1:2 

4+ 

4+ 

4-h 

2+ 

1+ 



Emulsion of rabbit brain 


4+ 

4+ 

3-1- 

2+ 

— 

— 

Unabsorbed 

kidney 

1:50 

4+ 

4+ 

2+ 

- 

— 

— 


« u « liver 

1:50 

4+ 

i+ 

1-1- 


— 

— 


“ ** “ spleen 


4+ 

1+ 

— 

— 

— 

— 

Absorbed 

Alcoholic extract of rabbit brain 

1:2 


— 




— 

with alco¬ 

Emulsion of rabbit brain 

1:600 

— 

— 

— 



— 

holic ex¬ 

“ “ ‘‘ kidney 

1:50 

4-1- 

4+ 

2-1- 



- 

tract of 

ii liver 

1:50 

4-f 

2+ 

— 



— 

rabbit 

brain 

** ** spleen 

1:50 

3+ 

■ 

■ 

1 

1 

" 


4-|- indicates complete fixation of complement. 

— indicates no fixation. 

The results of the absorption experiments show that an alcoholic extract of 
brain removed principally the antibrain antibodies from the antibrain serum. 

non-specific antigens. This is explained by the fact that in order not 
to mask the sensitivity of the complement fixation test by a large 
amount of antigen, it was necessary to use a 1:600 dilution of the emul¬ 
sion of brain. At this concentration the non-specific antigen contained 
in brain tissue was diluted beyond its power to fix complement in the 
presence of the antiserum. The results of the absorption experiments 
just enumerated appear to indicate that two if not more antigen-anti¬ 
body systems were involved, one of which was specific for brain while 
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the other was associated with some element or elements common to 
many organs. 

Nature of the Antigen 

Having satisfied ourselves that emulsions of homologous brain can 
be made to become antigenic under certain conditions we were inter¬ 
ested to determine what substance in the brain causes it to act as a 
specific antigen. It occurred to us that the specificity might be 



« ■ gvey ■ 100 75 50 25 0 


Compo3ition o[ <aiitigen 

Text-Fig. 1. The graph represents the relative antigenicity of white and grey 
matter of brain. The greatest dilution of each mixture of antigens which fixed 
complement in the presence of an antibrain serum has been plotted against the 
composition of the mixtures of white and grey matter. 

associated in some manner with myelin. The most obvious way of 
testing such an idea was to find out whether the amount of myelin in 
brain antigens used for fixation of complement in the presence of anti¬ 
brain sera runs parallel to the degree of fixation. A rabbit brain was 
therefore divided as nearly as possible into two portions, white matter 
which contains large numbers of myelinated nerve fibers and grey 
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matter which has a lower myelin content. From the two portions, 
aqueous emulsions were made, after which five mixtures were prepared 
by the combination of different quantities of them so that the ratio of 
grey emulsion to white emulsion varied from 100 per cent white to 100 
per cent grey. The antigenicity of each of the emulsions was de- 

Agft of rabbit 



Text-Fig. 2. The graph represents the relative antigenicity of brains of rabbits 
of different ages. The greatest dilution of antigen which fixed complement in the 
presence of an antibrain serum has been plotted as a function of the weights of the 
whole brain from which the antigen was made. The ages of the rabbits from 
which the brains were removed is also indicated. The ordinates for the curve for 
aqueous antigens are plotted as dilutions of a 1:50 brain emulsion; t.e., a 1:2 
dilution in the graph is actually a 1:100 emulsion of brain tissue. 

termined quantitatively in complement fixation tests conducted with 
antibrain serum. Text-fig. 1 shows the results graphically. It is 
apparent from them that the antigenicity of the white matter was 
roughly six times stronger than that of the grey matter, a property 
which at least paralleled the content of myelin in the two emulsions. 
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Further investigation of the relation between the myelin content 
and the antigenicity of brain tissue was made possible by the fact 
that myelin is practically absent from the central nervous system of 
fetal or newly born animals and increases with the age of the animal. 
We, therefore, prepared emulsions of the brain tissue of rabbits of 
different ages, ranging from the fetal stage to maturity. The relative 
antigenic properties of these emulsions were determined by the fixation 
of complement in the presence of antibrain serum. Furthermore, in 
order to eliminate as far as possible the non-specific antigen, alcoholic 
extracts were made from portions of the brains of these animals and 
tested for antigenicity. In Text-fig. 2 the results of such an experi¬ 
ment are shown graphically. It is immediately apparent that in 
newly born rabbits the content of organ-specific antigen in the brain 
emulsions was negligible and that it increased steadily with the age of 
the animal to reach a high concentration at maturity. Alcoholic 
extracts of brains of fetal or newly born rabbits failed to fix comple¬ 
ment in the greatest concentration used, while extracts of brains of 
adult rabbits contained sufficient antigen to fix complement in high 
dilutions. 

Observations on the Clinical and Pathological Findings in Rabbits 
Injected with Emulsions and Extracts of Homologous Brain 

The rabbits which received injections of the different emulsions or 
extracts of brain were carefully observed during and after the course of 
immunization for the appearance of abnormalities attributable to the 
procedures used. In no instance was a reaction seen immediately 
following primary injection. For the most part the rabbits remained 
in good condition throughout the experiments, although some that 
received injections of emulsions of autolyzed brain lost weight during 
the course of the experiments. In every experiment, however, a 
certain number of rabbits developed signs referable to the central 
nervous system. The course in every case was the same: the rabbits 
developed a slight weakness of the hind legs which progressed rapidly 
to a complete paralysis of the hind quarters and was accompanied by 
a progressive emaciation; retention of urine was noted; and death 
occurred after an illness of a few days. 

At necropsy the central nervous system and other organs in the gross 
were normal in appearance. In the brains of some of the paralyzed 
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rabbits stained sections showed perivascular infiltration and small 
areas of necrosis surrounded by zones of inflammation, in others 
evidences of healing lesions were seen, in still others no pathological 
changes were noted. Demyelination was not observed in any instance 
in the brain and cord, and the peripheral nerves appeared to be 
normal. Lesions identical in appearance with those just described 
were also found in some of the non-paralyzed rabbits sacrificed as 
controls and were considered to be due to the activity of Encephalito- 
zoon cuniculi. The fact that the lesions were not present in all of the 
paralyzed animals and that they occurred in some of the non-paralyzed 
rabbits led us to conclude that they should not be looked upon as the 


TABLE VII 

Relation between the Number of Paralyzed Rabbits and the Immunizing Materials 


Material used for immunization 

. No. of 
injections 

No. of 
rabbits 
injected 

1 

No. 

paralyzed 

Per cent 
paralyzed 

Fresh rabbit brain. 

5-12 

19 

0 

0 

** ** ** plus pig serum. 

5-10 

14 

1 

7 

Alcoholic extract of rabbit brain plus pig 
serum. 

13-26 

8 

1 

12 

Vaccine virus rabbit brain. 

5-12 

10 

1 


Autoly 2 ^d rabbit brain. 

5-15 

28 

9 

32 




cause of the paralyses. This opinion is substantiated by the observa¬ 
tions of Hurst (11), who, working with rabbits known to be free from 
Encephalitozoon infection, found no pathological changes in the central 
nervous system of animals which became paralyzed following injections 
of emulsions of heterologous brain. 

It is interesting to note that the incidence of paralysis in the rabbits 
of the different groups paralleled the antigenicity of the brain emul¬ 
sions and extracts that they received. In Table VII, the different 
immunizing emulsions and extracts are listed in the order of their 
antigenicity and the incidence of paral 3 rsis caused by them. None of 
the rabbits that received fresh emulsions of homologous brain, which 
has little or no antigenicity, became paralyzed, while 9 of 28 rabbits 
(32 per cent) injected with autolyzed homologous brain, a good anti¬ 
gen, showed evidences of paralysis. These observations, however, 
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cannot be considered evidence that the paralysis was directly related 
to the antigenicity of the brain emulsions, because Hurst (11) has 
pointed out that similar paralytic accidents follow injections of sub¬ 
stances other than btain and also because the paralysis might have 
been induced by some toxic substance in the autolyzed or diseased 
brain tissue. 

DISCUSSION 

It has been shown by a number of investigators that heterologous 
brain (2, 3), alcoholic extracts of heterologous brain plus pig serum (1, 
10), homologous brain plus pig serum (4), and alcoholic extracts of 
homologous brain plus pig serum (10) excite in animals receiving them 
the production of specific antibrain antibodies capable of demonstra¬ 
tion either by means of complement fixation tests or by precipitin 
reactions. In addition to this we have been able to demonstrate that 
homologous brain altered by autolysis alone or by infection with vac¬ 
cine virus alone becomes antigenic and is then capable of inducing the 
production of antibodies specific for brain tissue.^ Furthermore, we 
have been able to show that the specific antigenicity of homologous 
brain runs parallel to the myelin content of the tissue. 

In view of the facts just enumerated it is interesting to speculate 
about the etiology of certain diseases of the central nervous system, 
particularly the demyelinating maladies, such as the postinfection 
encephalitides, multiple sclerosis, Schilder’s disease, and the encephalo¬ 
myelitis occurring after antirabies vaccination. Speculation would be 
more interesting if it were possible to produce demyelination in animals 
by means of injections of brain tissue or if it were possible to demon¬ 
strate either brain antigen or antibrain antibodies in the blood of 
patients with demyelinating diseases. Hurst (11) from his review of 
the literature dealing with the effects on animals of repeated injections 
of brain tissue and from the results of his own experiments concluded 
that, although paralysis has been observed following injections of 
emulsions of brain, no one has definitely shown the presence of demye¬ 
lination in the brains and cords of the paralyzed animals. Rivers, 

^ After our work was completed, Lewis (13) reported that antibrain sera are also 
specific for testicular tissue. We did not examine our antibrain sera by means of 
complement fixation tests in which testicular tissue was used as an antigen. 
Consequently we have no information regarding this matter. 
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Sprunt^ and Berry (12), however, recorded the facft that two of eight 
monkeys which received repeated injections of emulsions and alcoholic 
extracts of rabbit brain developed paralysis associated with demyelina- 
tion. In regard to the presence of brain antigen or antibrain anti¬ 
bodies in the blood of patients with demyelinating diseases no 
significant reports have been seen. Although speculation about the 
relation of antibrain antibodies to certain demyelinating maladies is 
extremely intriguing, further facts must be obtained before a reason¬ 
able hypothesis concerning the matter can be presented. 

SUMMARY 

Rabbits injected with fresh emulsions of homologous brain de¬ 
veloped few or no antibodies capable of fixing complement in the 
presence of aqueous emulsions or alcoholic extracts of rabbit brain. 
Complement-fixing antibodies, however, were produced in rabbits by 
means of injections (1) of sterile emulsions of homologous brain which 
had been allowed to stand at room temperature for 5 to 30 days and 
(2) of emulsions of homologous brain experimentally infected with 
vaccine virus. The antisera that were produced following injections 
of emulsions of autolyzed homologous brain were shown by absorption 
tests to contain both specific and non-specific antibodies. The spe¬ 
cific brain antigen was found to be approximately six times as abun¬ 
dant in the white matter as in the grey. It was almost absent from the 
brain of fetal and newly born rabbits, but increased in amount with 
the age of the animal to reach a maximum concentration at maturity. 
The specific antigen seemed to parallel the myelin content of brain 
tissue. 
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STUDIES OF ACIDOSIS 

XXII. Application of the Henderson-Hasselbalch 
Equation to Human Urine* 
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{From the Hospital of The Rockefeller Institute for Medical Research) 

(Received for publication, June 15, 1934) 

The Henderson (1909-10) equation 

(1) IH+] = K’ 


relating hydrion concentration in buffer acid solutions to the ratio, 
free acid:alkali salt, has been frequently applied to the calcula¬ 
tion of pH from HjCOj and BHCO 3 in the blood, particularly since 
Hasselbalch (1916) transformed the equation for this purpose into 
logarithmic forms. 


( 2 ) 


pH 


pK' + log 


IBHCO,] 

[H,CO.J 


or 

(3) 


pH 


pK' + log 


[CO»l - 0.0591 gp 
0.0591 a p 


[BHCO3], [H2CO8], and [CO2] indicate millimolar concentrations 
of bicarbonate, free carbonic acid, and total CO 2 respectively; a. 
is the Bunsen solubility coefficient of CO2; p is the CO2 tension in 
mm. of mercury; 0.0591 ap = [H 2 CO 8 ]; pK' is the negative loga¬ 
rithm of the apparent first dissociation constant of carbonic acid. 


* A preliminary communication concerning this work was delivered at 
the XIVth International Physiological Congress at Rome (Sendroy, Seejig, 
and Van Slyke, 1932). 

t Fellow of the Rockefeller Foundation on leave of absence from the 
Charity Krankenhaus, Berlin, Germany. 
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HENDERSON-HASSELBALCH EQUATION 


The accuracy with which the equation can be applied depends 
upon the exactness with which the constants, pK' and a, are known 
for the particular solution investigated. For serum a number of 
authors have determined the value of pK', and the results have 
been summarized by Hastings, Sendroy, and Van Slyke (1928), 
who found the value to be 6.10 ± 0.03. The value of a for normal 
serum has also been determined and found to be quite constant 
at 0.510, 93.4 per cent of the value in water (Van Slyke, Sendroy, 
Hastings, and Neill, 1928). 

For studies of urine, on the other hand, there has been relatively 
little application of this equation. Gamble (1922), who used 
Equation 2 to calculate HjCOj content from urine pH and COj 
content, appears to be the first author to apply it to a physiologi¬ 
cal investigation. He used the same value for pK', 6.1, which 
had been found for serum. He did not calculate CO» tension 
values, and hence did not require a value for a. Mainzer and 
Bruhn (1931) later determined a and pK' values in twenty urine 
specimens, and found such wide variations in these values that ac¬ 
curate application of the Henderson-Hasselbalch equation to urine 
by the use of average a and pK' values appeared to be impossible. 
Mainzer and Bruhn, for their pK' calculations, determined pH 
with the quinhydrone electrode. Their a values were determined 
by a technique modeled in most details after that used by Van 
Slyke, Sendroy, Hastings, and Neill (1928). Mainzer and Bruhn's 
values of a and pK' have thus far remained the only ones in the 
literature. 

In the present paper we have redetermined the values of a and 
pK' for human urine, with precautions outlined below. The pK' 
values have been determined with the standard hydrogen elec¬ 
trode. 


EXPERIMENTAL 

The Bunsen solubility coefficient, a, was obtained by practically 
the same procedure used by Van Slyke, Sendroy, Hastings, and 
Neill (1928), in estimating it for serum, except that in most of the 
present determinations an analyzed mixture of COa and air was 
used as the saturating gas instead of pure COa. The same results 
were obtained by both procedures. The COa content of the air- 
COa mixtures, at the end of saturation, was measured by analysis. 
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either in the Haldane apparatus or in the manometric apparatus 
according to Van Slyke, Sendroy, and Liu (1932). Before satura¬ 
tion, the urines were acidified with HCl to a pH below 3.5. The 
applicability of HCl, and its relatively slight effect on a, have been 
discussed on p. 783 of Van Slyke, Sendroy, Hastings, and Neill 
(1928). Values of a were calculated according to Hquation 4 
(Equation 2 of the latter authors). 


(4) 


a 


[COJ 

100 

[C021 

p 



X 7.57 


Fas* 


Vr and Fss* represent respectively the volumes occupied by 1 
gram of the solution at room temperature, when analyzed, and 
at 38®, the temperature of saturation. The factor 7.57 includes 
the value of Vr/Vsb^^ when the room temperature is 24-27®. Sol¬ 
ubility coefficients calculated by Equation 4 were subsequently 
corrected for the slight effect of the added HCl. 

The value of pK' was obtained essentially by the procedure 
applied by Hastings, Sendroy, and Van Slyke (1928) for deter¬ 
mination of pK' in serum. For each experiment, enough urine 
for several analyses and fillings of the electrode vessel was satu¬ 
rated at 38® with a mixture of CO 2 and H 2 . After saturation was 
complete, a portion of the gas mixture was analyzed for CO 2 . The 
rest of the same gas mixture was then used in the pH determina¬ 
tions made in the Clark-Cullen electrode vessel. Duplicate pH 
values uniformly agreed within 0.005 unit. The CO 2 contents of 
the saturated urines were determined with the Van Slyke-Neill 
apparatus as described on p. 299 of Peters and Van Slyke (1932). 
Samples of appropriate size were taken to secure the maximum 
accuracy for values of [CO 2 ] of 1 part in 300. 

Total base was determined in the urine by a modification of 
Fiske's (1922) method. The phosphates were removed by Hoff¬ 
man's procedure (1931), the bases were ashed to sulfates, and the 
SO4 was weighed as BaS 04 . Enough urine, 10 or 15 cc., was used 
to yield 0.2 or 0.3 gram of BaS 04 . 

Specific gravity readings were made with an ordinary bulb hy¬ 
drometer. The gravities were read to 0.001, and are thus recorded, 
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although calibration of the instrument against determinations by 
weight indicated its accuracy to be limited to 0.003. 

RESULTS 

» 

SoluMlity of COi in Urine at S8° 

Our twenty-two values for «in Table I vary from 0.536 to 0.498, 
with an average of 0.522 ± 0.008. Figs. 1 and 2 show the decrease 


Tablb I 


Values of COt Solubility Coefficient in Human Urine at S8* 


Urine No. 

Total base 

Specific 

gravity 

COs tension 
at 38* 

COs content 
at 24-2r 

a* 


m.-eq. per 1. 

■■ 

mm. 

voL per cent 

cc. COt per ee. 
eoltUion 

1 

255 


91.1 

6.28 

0.524 

2 

246 

mSSSm 

122.3 

8.08 

0.504 

3 

63 

BiSI 

100.7 

7.11 


4 

247 

■EH 

109.6 

7.24 

■■■ 

5 

254 


710.8 

46.48 


6 

193 


110.6 

7.60 

■■■ 

7 

68 

■EH 

109.2 

7.56 


8 

76 

mSESM 

107.0 

7.34 

0.523 

9 

140 

1,023 

109.5 

7.62 


10 

222 

1.026 

111.2 

7.51 

■^9 

11 

93 

1.009 

110.8 

7.74 


12 

151 


111.3 

7.59 

0.520 

13 

79 


108.6 

7.57 

0.530 

14 

54 


107.0 

7.43 

0.529 

15 

157 

1.010 

105.2 

7.27 

0.527 

16 

176 

mmm 

110.1 

7.50 

0.518 

17 

109 


109.9 

7.64 

0.530 

18 

136 

1.019 

107.0 

7.34 

0.522 

19 

125 

1.015 

108.9 

7.49 

0.524 

20 

95 

1.020 

108.9 

7.56 

0.530 

21 


1.017 

107.6 

7.24 

0.513 

22 

60 

1.010 

105.7 

7.39 

0.532 

Averatce. 

0.522 


* Corrected for effect of added HCl. 


in a with increasing total base content and specific gravity. The 
dashed lines in Fig. 1 indicate the solubilities which Van Slyke, 
Sendroy, Hastings, and Neill (1928) found in aqueous chloride 
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and acid phosphate solutions. Most of the urine values fall be¬ 
tween those for solutions of KCl and NaHjPOi of the same total 
base concentration. Urea, the only non-electrolyte normally 
present in sufficient concentration to affect « significantly, in 
maximal concentration (0.5 m or 3 per cent) lowers a by only 0.008 

a65 


0.54 


0.53 


a 0 l 52 


051 


0.50 


049 

^ W iW WWW WWW wwO 

Total base concentration 
in milli-ec^uivalents per liter 

Fig. 1. The relationship between the COj solubility coefficient of urine 
and its salt content. All points are for urine. Dotted |lines are for salts, 
taken from Van Slyke, Sendroy, Hastings, and Neill (1928). 

unit (Usher, 1910). Hence it is to be expected that the lowering 
of a of urine below that of water is chiefly a function of the salts, 
of which ordinarily the most abundant are chloride and acid 
phosphate. 

Mainzer and Bruhn's (1931) values of a for twenty urines extend 
from 0.441 to 0.514, with an average of 0.482. Their average is 8 
per cent below ours, and a number of their values are lower than 
any we obtained in the most concentrated urines. 
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Mainzer and Bruhn’s technique, like ours, followed in general 
that of Van Slyke, Sendroy, Hastings, and Neill (1928); but Main¬ 
zer and Bruhn introduced the following changes first. They kept 
their samples under mineral oil saturated with the equilibrating 
gas mixture of CO 2 and air, instead of confining them in closed 
containers over mercury. Second, in transferring their samples of 
mine to the manometric apparatus, they apparently used open 



Fio. 2. The relationship between the CO, solubility coefficient of urine 
and its specific gravity. 

pipettes instead of the special closed pipette described in Section 
XII of Van Slyke and Neill (1924). It is possible that these 
differences in technique may have caused COj losses and the com¬ 
paratively low results of Mainzer and Bruhn. 

pK' of Urine at S8° 

Our data in Table II give pK' values in urine averaging 6.10 ± 
0.07. The maximum deviation from the average value is ±0.13. 
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Table II 


Values of pK' in Human Urine at 55 ®* 


Urine 

No. 

COi 

content 

analyzed 

CO* 

tension 

analyzed 

(HiCO.l 

from 

individual 
a and (6) 

IBHCO.1 
from 
(a) - (c) 

E 

corrected 
to 760 mm. 
H. 

pressure 


pH 

deter¬ 

mined 

pK' 


(a) 

(b) 

(c) 

(d) 

U) 

(/) 

io) 

(h) 


mM per 1. 

mm. 

mM per 1. 

mM per 1. 

miUxvolte 

millivolta 



1 

2.030 

59.6 

1.845 

0.185 

558.2 

236.6 

5.213 

6.212 

2 

69.38 

69.1 

1.760 

67.62 

707.5 

236.6 


6.048 

3 

3.813 

69.7 

1.891 

1.922 

616.2 

236.8 

mmEm 

6.143 

4 

2.291 

62.0 

1.843 

0.448 

568.7 

236.8 

5.480 

5.995 

5 

2.216 

68.3 

1.715 

0.501 

676.6 

237.1 

5.502 


6 

13.40 

69.5 

1.843 

11.56 

660.6 

236.8 

6.868 


7 

1.993 

68.2 

1.816 

0.177 

554.1 

237.1 

5.139 

HitSl 

8 

1.970 

58.1 

1.792 

0.178 

651.8 

j 236.7 

5.108 

6.110 

9 

13.33 

59.9 

1.880 

11.45 

660.9 

236.7 

6.876 

6,091 

10 

2.096 

61.4 

1.870 

0.226 

559.9 

; 236.6 

5.241 

6.159 

11 

3.387 

61.7 

1.940 

1.447 

608.2 

236.8 

6.020 

6.147 

12 

16.63 

58.6 

1.801 

14.83 

668.4 

236.7 

6.998 


13 

3.105 

58.4 

1.831 

1.374 

595.3 

236.5 

5.816 

5.973 

14 

2.189 

58.2 

1.819 

0.370 

573.0 

236.6 

5.453 

6.144 

16 

15.51 

58.9 

1.835 

13.67 

667.3 

236.7 

6.980 

6.108 

16 

4.897 

58.5 

1.791 

•3.106 

624.7 

236.4 

6.294 

6.055 

17 

1.990 

56.2 

1.761 

0.229 

589.8 

236.3 

5.244 


18 

2.115 

59.4 

1.833 

0.282 

564.1 

236.8 

5.306 

6.119 

19 

2.031 

58.6 

1.815 

0.216 

556.3 

236.8 

5.179 

6.103 

20 

8.38 

60.2 

1.885 

6.49 

648.2 

236.7 

6.670 


21 

2.371 

60.3 

1.827 

0.544 

575.8 

236.4 

5.501 


22 

2.333 

60.3 

1.912 

0.421 

577.2 

236.4 

5.524 

6.182 

Average. 

6.101 


* Individual values of a and total base for each urine are given in Table I. 


Fig. 3 shows that the variations of pK' in urine are related to 
variations in total base content. Hastings and Sendroy (1925) 
have shown that pK^i of carbonic acid, in NaCl-NaHCOs solutions 
containing mainly NaCl, can be expressed by the equation 
(6) pK' - 6.32 - 0.5\/Jl 

where p is the ionic strength, 6.32 is the pK' (= pK) at infinite 
dilution of the salts,^ and the term 0.5 expresses the depression 

»Correction by use of the later COi factors of Van Slyke and Sendroy 
(1927) and the a values of Van Slyke, Sendroy, Hastings, and Neill (1928) 
affects the results of Hastings and Sendroy (1926) just enough to change 
their pK from 6.33 to 6.32. 
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of pK' caused by salts. With univalent salts, like NaCl and 
NaHCOs, the ionic strength is the same as the total base concen¬ 
tration in equivalents per liter. With polyvalent salts, the ionic 
strength is greater, being three times as great in the case of Na 2 S 04 , 
or of CaClj. Since the urine electrolytes are in part polyvalent, 
it could be anticipated that, per unit total base concentration, the 
pK' would be decreased somewhat more than in a NaCl-NaHCOi 





Fia. 3. The variation of urine pK' with electrolyte (total base) concen¬ 
tration. All points and solid line are for urine. Dotted line for NaCl is 
taken from Hastings and Sendroy (1925). 

solution. Fig. 3 shows in fact that the equivalent depression in 
urine is somewhat greater, and that the relationship of pK' to total 
base concentration is expressed by the equation 

(6) pK' - 6.32 - 0.6v/B 

where B represents the total base content in equivalents per liter. 
In eighteen of the twenty-two determinations Equation 6 expresses 
the value of pK' within ±0.03 unit of the observed value. 
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Mainzer and Bruhn (1931) obtained pK^ values varying from 
5.81 to 6.30, and averaging 6.13. They were unable to find any 
correlation between pK^ variation and freezing point lowering. 
Their average is near ours, and it is possible that in extremely 
dilute urines pK' may approach as close to the pK for infinite dilu¬ 
tion as their maximum value of 6.30. It is difficult to conceive, 
however, factors which could lower pK' to Mainzer and Bruhn's 
minimum value. Total base rarely exceeds 0.4 equivalent per 
liter, which would correspond, by Equation 6, to a pK' of 5.94. 
The technical error in determining pK' is likely to be much greater 
in urines than in serum, or solutions of bicarbonate content similar 
to that of serum. The BHCOa in the urine is often only a fraction 
of a millimole per liter, and may be as little as 0.1 of the H*COj. 
Consequently slight errors in calculating the HjCO* from the COj 
partial tension and the a used for the individual urine, would be 
multiplied in some cases as much as 10-fold in their effect on 
BHCOa calculated by difference. Of our own three pK' values 
(Urines 1, 10, 13) which deviate markedly from Equation 6, two 
are from experiments in which the BHCOa concentration was only 
0.3 mM or less. Thus, the deviations may in part be the result of 
the wider margin of experimental error that is unavoidable when 
BHCOa is so low. It appears possible that the wider fluctuations 
of Mainzer and Bruhn may have been caused by a somewhat 
wider margin of error in some of their determinations. A low 
value of a used in Equation 3 would cause a low value of pK', and 
we have pointed out above that some of their a values appear to 
be improbably low. 

Effect of Urea on pK '—Table III contains data indicating the 
effect which urea in 3 per cent (0.5 m) concentration has on the 
value of pK' in bicarbonate-salt solution. The procedure followed 
for these experiments was exactly the same as that of Hastings 
and Sendroy (1925). The calculations were made according to 
Equations 1 and 2. The value of a used was calculated for each 
solution according to its composition, from the data of Van Slyke, 
Sendroy, Hastings, and Neill (1928) for the salt effect, and accord¬ 
ing to Usher (1910), for the urea effect. A urea concentration of 
0.5 M was used because this approximates the maximum urea con¬ 
tent of human urine. Urea in this concentration causes an average 
decrease in pK' of only 0.013 unit. Variations in pK' of urine 



TabI/E III 

Effect of Urea on pK' of Salt Solution at S8' 
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exceeding 0.01 can therefore not be ascribed to variations in the 
urea concentration. 


Table IV 


hffcct of Variation in ct and pK* on Accuracy of Hendcrson-Hassclbalch 
Equation Applied to Urine 





H,COa 

calculated 

BIICO, 

calculated 

pll calculated 
from («) and 
(6) with 

Error in 

Urine 

No. 

CO, 

content 

CO, 

tension 

From 
individ¬ 
ual a 
(Table 
I) and 
(6) 

From 
average 
a of 
0.522, 
and (6) 

From 
(a) — (c) 

From 
(a) - id) 

Indi¬ 
vidual 
€x and 
pK' 
(Tables 
1 and 

ID 

Avor- 
ugo a 
and 
pK" 
of 0.522 
and 0.10 

pH cal¬ 
culated 
accord¬ 
ing to (h) 
( 0 ) - (A) 


(a) 

ib) 

(0 

(d) 

(e) 

(/) 

( 0 ) 

(A) 

(0 


mu 

mm. 

mu 

mu 

mu 

mu 





per L 

per 1. 

per 1. 

per 1. 

per 1. 




1 

1.928 

56.8 

1.758 

1.752 

0.170 

0.176 

5.20 

5.10 

-0.10 

2 

75.37 

119.0 

3.542 

3.671 

71.83 

71.70 

7.36 

7.39 

+0.03 

3 

3.360 

41.6 

1.318 

1.283 

2.042 

2.077 

6.33 

6.31 

-0.02 

4 

2.115 

59.4 

1.764 

1.832 

0.351 

0.283 

5.29 

5.29 

0.00 

5 

2.481 

68.8 

2.023 

2.122 

0.458 

0.359 

5.39 

5.33 

-0.06 

6 

16.90 

124.3 

3.848 

3,835 

13.05 

13.06 

6.60 

6.63 

+0.03 

7 

1.898 

52.6 

1 1.641 

1.623 

0.257 

0.275 

5.35 

5.33 

-0.02 

8 

1.441 

41.5 

1.282 

1.280 

0.159 

0.161 

5.20 

5.20 

0.00 

9 

18.20 

124.5 

3.906 

3.841 

14.29 

14.36 

6.65 

6.67 

+0.02 

10 

2.595 

. 69.8 

2.123 

2.153 

0.472 

0.442 

5.51 

5.41 

-0.10 

11 

3.016 

54.6 

1.716 

1.684 

1.300 

1.332 

6.04 

6.00 

-0.04 

12 

18.28 

73.0 

2.242 

2.252 

16.04 

16.03 

6.94 

6.95 

+0.01 

13 

2.810 

51.1 

1.599 

1.576 

1.211 

1.234 

6.09 

5.99 

-0.10 

14 

2.127 

56.9 

1.778 

1.755 

0.349 

0.372 

5.43 

5.43 

0.00 

15 

16.22 

76.8 

2.391 

2 369 

13.83 

13.85 

6.87 

6.87 

0.00 

16 

6.009 

84.0 

2.571 

2.591 

3.438 

3.418 

6.18 

6.22 

+0.04 

17 

2.110 

51.0 

1.597 

1.573 

0.513 

0.537 

5.64 

5.63 

-0.01 

18 

2.621 

74.6 

2.301 

2.301 

0.320 

0.320 

5.26 

5.24 

-0.02 

20 

9.75 

86.2 

2.698 

2.659 

7.05 

7.09 

6.54 

6.53 

-0.01 

21 

2.724 

69.6 

2.108 

2.147 

0.616 

0.577 

5.49 

5.53 

+0.04 

22 

2.188 

59.1 

1.857 

1.823 

0.33^ 

0.365 

5.43 

1 5.40 

-0.03 


Average 


±0.032 


Accuracy of HendersonrHctsselbalch Equation Applied to Urine 

Table IV indicates the accuracy with which the average a and 
pK^ values may be applied to urine acid-base balance calculations 
by Equation 3. The pH values in column (A) have been calcu- 
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lated by the use of average a and pK'; those in column (g) have 
been derived by the use of the individually determined a and pK' 
values of the same urines, as given in Tables I and II. Evidently 
urine pH may be calculated from accurately determined CO* con¬ 
tent and CO 2 tension values, with an exactness at least equalling 
that of the colorimetric method (Hastings, Sendroy, and Hobson, 
1925). 

Contraction oj Nomogram of Fig. 4 

For calculation of one of the three variables, COj content, COj 
tension, or pH from the other two in urine, a line chart for graphic 
solution of the Henderson-Hasselbalch equation is convenient. 
The nomogram in Fig. 4 accurately presents total CO 2 as a linear 
function of pH and CO^ tension. It is theoretically exact, and is in 
this respect an improvement over the blood plasma line chart of 
Van Slyke and Sendroy (1928, p. 783). A straight line drawn 
through given points on two of the scales will intercept the third 
scale at a point corresponding to the relationship expressed by 
Equation 3, with a — 0.522 and pK' = 6.10. By the use of 
appropriate a and pK' values, a similar chart could be constructed 
for blood plasma calculations. 

If the fraction of the total CO 2 in the form of the free acid, 
symbolized for convenience as H 2 CO 8 , be denoted by /, we may 
write 

(7) / - [H,CO,]/tCO.], and log / - log [H.CO,] - log [CO,] 

We have then, a straight line logarithmic relationship in the form 
of log ® = log j/ log z. If Equation 2 be written in the form 

(8) pH - pK' + log 

then it is obvious that we have another logarithmic expression for 
/; namely, 

(9) log / - pK' - pH + log (1 - /) 

Since given values of [CO 2 ] and [H 2 CO 2 ] (or CO 2 tension) fix the 
value of / they also fix the value of pH. 

For Fig. 4, the values of log [CO 2 ] and log [H 2 CO 8 I in terms of 
millimoles per liter, were spaced off on parallel axes of equal length 
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f pH 



Total COe 

Afol. iiitT 
pep pep 
cent liter 


ir 



HgCOa mm-COg 

mM pep liter tension 



Fig. 4. Nomogram for calculation of acid-base balance of urine. A 
straight line drawn between values on any two scales intersects the third 
at a value corresponding to the relationship expressed by the Henderson- 
Hasselbalch equation. 
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drawn on rectangular coordinate paper. An equal distance away, 
another parallel axis of equal length was spaced off for values of 
log/. By Equation 8 values of / corresponding to given pH values 
were calculated, and located logarithmically on the / axis. The 
points found were marked with values of the given corresponding 
pH. Points corresponding to CO 2 tension values were marked 
off on the H 2 CO 3 scale. For these calculations the average values 
a — 0.532 and pK' = 6.10 were used. 

SUMMARY 

The solubility coefficient of COj in twenty-two human urines 
was found to average 0.522 ± 0.08 at 38°. The maximum range 
of variation was from 0.498 to 536. The variation was chiefly a 
function of the salt concentration. 

The value of Hasselbalch’s constant, pK', in human urine was 
foimd to average 6.10 i 0.07. The maximum range of variation 
was from 5.97 to 6.21. This variation was also found to be chiefly 
a function of the salt concentration, according to the approximate 
equation, pK' = 6.32 — 0.6v'B, where B represents equivalents 
of total base per liter of urine. The value of pK', in solutions of 
the ionic strengths encountered in urine, was found to be changed 
by only 0.01 by addition of urea in the highest concentration (0.5 
m) found in human urine. 

The use of average a and pK' values in calculation of urine pH 
from CO 2 tension and CO 2 content yielded pH values with an 
average error of ±0.03 and a maximum error of 0.10. 

A line chart for urine has been constructed, with scales for CO 2 
content, CO 2 tension, and pH, whereby any one of these variables 
can be calculated from known values of the other two. 
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Marshall (1922) and Gamble (1922) were the first to correlate 
COi content and pH in urine. They agreed in finding that the 
CO* content increased with the pH, urines of high alkalinity show¬ 
ing a bicarbonate content up to several grams per liter. Gamble 
further calculated the free carbonic acid, customarily symbolized 
as HjCO», from observed pH and CO* content of the urine by 
means of the Henderson-Hasselbalch equation. He assumed for 
pK' a value of 6.10, which had previously been foimd for blood 
plasma, and which in fact we now find to be the average value for 
urine also (Sendroy, Seelig, and Van Slyke, 1934). Urine CO* 
tension values calculated from Gamble’s H*CO» results, with 
Sendroy, Seelig, and Van Slyke’s average value of 0.522 for a, 
indicate a variation from 61 to 76 mm., with an average of 61 mm. 

Mainzer, with his collaborators (1929, 1931), has since studied 
the problem further. Like Gamble and Marshall, he measured 
directly, in the freshly collected urine, only the pH and total CO* 
content, and calculated the CO* tension from these values by 
means of the Henderson-Hasselbalch equation. In the second 
paper, Mainzer and Bruhn (1931) measured the pH with the quin- 
hydrone electrode, and for each sample of urine they made separate 
determinations of pK’ and a for use in the calculation. The ex- 

* A preliminfiry communication concerning this work was delivered at 
the XIVth International Physiological Congress at Rome (Sendroy, Seelig, 
and Van Slyke, 1932). 

t Fellow of the Rockefeller Foundation on leave of absence from the 
Charity Krankenhaus, Berlin, Germany. 
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tent of the variations in pK' and a encountered in different urine 
samples has already been indicated in the preceding paper (Send- 
roy, Seelig, and Van Slyke, 1934), in which we have compared 
Mainzer and Bruhn’s results with our own. Mainzer and Bruhn’s 
calculated COs tensions in freshly voided urine varied between 13 
and 242 mm., over an immensely wider range than those of Gam¬ 
ble. Mainzer concluded that there was no relationship between 
CO2 tension in urine and COj tension in blood. 

The wide discrepancy between the urinary CO 2 tension ranges 
reported by Mainzer and those calculable from Gamble’s data made 
a reexamination of the problem desirable. These authors did not 
make direct measurements of the CO 2 tension, but calculated it by 
the Henderson-Hasselbalch equation from the pH and total CO2 
content. In such calculations the combined errors in pH and 
CO2 content determinations, and in the values for pK' and a used 
in the Hasselbalch equation, all accumulate on the CO2 tension. 

In order to avoid such cumulative errors we have returned to 
direct measurement of the CO2 tension by the tonometric proce¬ 
dure, introduced by Pfliiger (1872) for estimating the gas tensions 
in blood, and applied to urine by Strassburg (1872). A relatively 
large volume of urine is equilibrated with a relatively small 
volume of gas until the latter attains the CO 2 tension of the urine. 
The tension is then ascertained by analysis of the gas. 

Van Slyke, Sendroy, and Liu (1932) have applied this principle 
to the direct measurement of pcoi in blood,* and the technique 
used for urine is an adaptation of the same procedure. Since 
most samples of urine are low in CO 2 concentration, and many 
may be also low in buffer value, and because the extent of pco« 
variation in urine is much greater than in blood, the ratio of gas 
volume to liquid volume has been changed from 1:9 for blood to 
1:50 for urine. It has also been found necessary to prolong the 
equilibration time to } hour. 

PROCEDURE 

Method for Direct Measurement of Urine COt Tension 

Preparation of Gas Mixture —It is desirable that the gas mixture 
used have a CO 2 tension within 25 mm. of the urinary Pco,- One 


^ The symbol pcoi is tised to indicate COi tension in nun. of mercury. 
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can calculate that if 60 volumes of buffer-freewater, containing COa, 
only in the form of free carbonic acid, are equilibrated with 1 
volume of gas, 25 mm. difference between, gas and water with 
respect to initial pco, will produce in the equilibrated system a 
final Pco, which differs by 1 mm. from the initial pco, of the water. 
The gas tension will move 24 mm. towards the water tension, and 
the latter will move 1 mm. towards the initial gas tension. If the 
water contains buffers active at its pH, the final pco, will be less 
than 1 mm. from the initial pco, of the solution. Urine does 
contain such buffers, notably bicarbonate and phosphate, so that 
the correction to the final pco, for initial difference in pco, be¬ 
tween lurine and gas bubble is less than one-twenty-fifth of that 
difference. However, the buffer content of urine varies so greatly 
that it is impossible to estimate a routine correction for initial 
Pco, differences between urine and the gas bubble. One can only 
state that the error from failure to make such correction will be 
less than 1 mm. if the initial difference in pco, between urine and 
gas bubble does not exceed 26 mm. 

Accordingly, in our procedure the urine is equilibrated with an 
air-COj mixture having a pco, of 67 mm., the average pco, of 
urine. This is within 25 mm. of the pco. of the great majority of 
urines. If the final pco, found by analysis of the equilibrated 
bubble is outside the range 67 ± 25 mm., a second portion of urine 
is equilibrated with gas that has a CO 2 tension approximating that 
found for the urine by the preliminary estimation. Since urinary 
Pco, is practically never below 40 mm., a second equilibration will 
be necessary only for urines with unusually high tensions. In such 
cases the urine is likely to be highly buffered, so that the error in 
the preliminary determination is usually not significant; but in 
order to make certain of accuracy, a second equilibration with gas 
containing more CO 2 is desirable. 

For routine use, it is convenient to have on hand large amounts 
of the air-C02 mixture with 67 mm. pco,- The percentage of CO 2 
in such a gas mixture is calculated as 67/(0.01 (J3 — 50)), where B 
is the average barometric pressure. At sea level the CO 2 content 
of the desired mixture is 9.5 per cent. Our gas mixtures were 
prepared and stored in 300 cc. containers as described by Van 
Slyke, Sendroy, and Liu (1932, p. 554). 

The other C02-air mixtures occasionally required for urines with 
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higher COj tensions may be prepared by mixing measured volumes 
of air and CO* in a gas burette. In our experiments, however, we 
prepared such mixtures by attaching the tonometer, before the 
urine was placed in it, directly to the gas manifold. The system 
was partially exhaiisted and the required pressme of CO* was 
added, measured by a manometer, as described on p. 302 of Peters 
and Van Slyke (1932). 

Tonometer —The tonometer in which the equilibration takes 
place resembles that described by Van Slyke, Sendroy, and Liu, 
except that the body has a capacity of 50 cc. instead of 9 cc. for 
the liquid phase. The gas bubble volume is 1 cc. 

Equilibration of Urine and Gas at S8 °—^The tonometer is first 
filled with the desired gas mixture. Enough urine ( > 100 cc.) for 
duplicate pco, determinations is voided under oil, and transferred 
at once to a container over mercury, from which it is introduced 
into the tonometer to fill all but 1 cc. of its volume. Urine and 
gas are equilibrated at 38® as described by Van Slyke, Sendroy, 
and Liu (1932) for blood samples, except that the length of time 
required for complete equilibration is extended to 4 hour. The 
vessel is opened to the air after 5, 10, and 15 minute periods to 
keep the pressure at atmospheric, and is then rotated for another 
15 minutes. Satisfactory results have been obtained with some 
samples of urine rotated for a shorter time, but for uniformly good 
results, for widely different samples of urine, 30 minutes have been 
found necessary. 

Analysis of Gas Bubble —This is carried out as described by Van 
Slyke, Sendroy, and Liu (1932). The gas sample measurement by 
manometric pressure is made with the gas at 2.0 cc. volume. The 
pressure of the CO* gas is usually measured at 0.5 cc. volume. 
However, some samples of urine high in CO* tension yield so much 
CO* to the bubble, that measurement of the CO* pressure must be 
made with the extracted CO*, at 2.0 cc. volume. 

Calculation 

The CO* tension is calculated from the volume per cent CO* 
content, C, of the gas bubble, according to the usual equation 


(1) 


PCO. - 0.01 C (B - 49.7) 
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where B is the barometric pressure in mm. of mercury at the time 
of the gas bubble equilibration, and 49.7 is the vapor tension of 
water at 38®. 

EXPERIMENTAL 

Comparison of Known Urine COt Tensions with Tensions Found by 

Present Method 

Urine samples of about 110 cc. were saturated at 38® with known 
mixtures of COj and air, in a two-chambered saturating vessel by 
the "First saturation method” of Austin et al. (1922). After 
complete gaseous equilibrium had been attained, the gas and 
liquid phases were separated, and the gas was analyzed for COj 
in a Haldane apparatus. From the COi content of the gas, the 
COj tension of it, and therefore of the urine, was calculated with 
an error not exceeding 0.2 mm. The tensions thus obtained are 
given in Table I as “COj tension of urine at 38®, present.” The 
urine was then used for duplicate determinations of the COj ten¬ 
sion by the present method. 

The results, recorded in Table I, indicate that the error of urine 
COj tensions measured as described in this paper averaged 1.1 
mm. The maximum error found, occurring in but one case, was 
3.1 mm. 

In this series of experiments, the maximum difference between 
the initial pco» of the bubble and the true pco, of the urine was 
31 mm. It does not appear from the results that initial differences 
within this limit have a significant effect on the final pco, deter¬ 
mined. 


COi Tension of Freshly Voided Human Urine 

60 individual samples of urine were analyzed by the procedure 
for direct pco, presented in this paper. The urines were taken at 
intervals varying from 1 to 10 hours after previous voiding, and 
under various conditions of activity. Fach sample was collected 
at a single voiding. 

For the first analysis in each case the initial tension of the bubble 
was set at 67 mm. The second analysis was performed with pcx), 
of the bubble approximating the value obtained by the first analy¬ 
sis. When the urine pco. was over 100 mm. the result of the 
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second analysis was taken as the pco. value. Except when values 
above 130 mm. were encountered, the agreement between the two 
analyses was within the limit of error of the method. 

Other data recorded for each specimen were specific gravity, pH, 
and the period of urine retention for the particular voiding anal- 

Tablb I 

Urine COt Tensions Found by Present Method Compared with Tensions Set 
by Saturation with Known COr-Air Mixtures 


Urine No. 

Initial COs 
tension of ^as 
bubble at 38* 

COi tension of urine at 38* 

Present 

Found from final 
^CO» bubble 

Error 


mm. 

mm. 

mm. 

mm. 

1 

82 

90.6 

89.2 

-1.4 

2 

82 

98.2 

99.6 

+1.4 

3 

82 

95.9 

94.4 

-1.5 

4 

82 


105.3 

+0.4 

5 

82 

98.6 

97.1 

-1.5 

6 

82 

99.9 

97.8 

-2.1 

7 

82 

96.0 

96.6 

+0.5 

8 

82 

97.8 

97.3 

-0.5 

9 

82 

99.6 

96.5 

-3.1 

10 

82 

99.3 

98.9 

-0.4 

11 

82 

99.2 

99.1 

-0.1 

12 

82 

67.9 

69.1 

+1.2 

13 

79 

62.7 

61.0 

-1.7 

14 

82 

56.7 

56.2 

+0.5 

15 

58 

32.7 

34.3 

+1.6 

16 


23.4 

23.4 

±0.0 

17 

172 


139.7 

-1.0 

18 

172 

159.5 

158.6 

-0.9 

19 

96 

80.1 

81.1 

+1.0 

20 

96 

75.4 

76.5 

+1.1 

Averace. 

±1.1 


yzed. The specific gravity measurements were made with an 
ordinary urine specific gravity bulb; their maximum error is about 
0.003. The pH values were obtained colorimetrically according 
to the method of Hastings, Sendroy, and Robson (1925) but with 
the use of a Hastings-Duboscq colorimeter in place of the acid- 
alkali standard color tubes (Peters and Van Slyke, 1932, p. 801). 
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The urine speci;iiiens examined fell into three groups: normal, 
pathological, and experimental. The first group consisted of 
thirty specimens obtained from normal individuals under ordinary 
conditions. The second group consisted of fourteen specimens 
obtained from patients at this hospital suffering from nephritis 
or cardiac disease. The third group of sixteen specimens was 
obtained from normal individuals whose acid-base balance was 



Fio. 1. Distribution curve of normal and pathological human urine CO 2 
tension results at 38®. 

purposely shifted from normal by the administration of alkali or 
by exercise. 


RESULTS 

In Fig. 1 is given the distribution curve for urine pcx)* results 
found in our study of forty-four normal and pathological cases. 
The urine pcoi the normal individuals varied from 53 to 149 
mm. 

The variation in pathological cases covered nearly the same 
range, from 42 to 124 mm. 
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Fig. 1 indicates that in our study there are more naturally 
occurring urine COj tensions at 67 d= 5 mm. than at any other 
level, 26 per cent of the results being at that level. Furthermore, 
77 per cent of the results are between 42 and 95 mm. The curve 
is peculiar in that there is no asymptotic approach to the abscissa 
on either end. The lower end of the curve cuts the abscissa at a 
sharp angle, since no results were foimd for urine poot below 40 

Tabld II 


COt Tension in Urine after Experimental Alteration of Individual Acid-Base 

Balance 


Urine 

No. 

Specific 

gravity 

Period 

CX)f tension 
of urine 
by bubble 
analysis 

pH 

Treatment 

1 

1.024 

hr». 

lOi 

mm. 

119 

7.4 

23 gm. NaHCO* 

2 

1.008 

2 

42 

6.3 

H 2 O drinking 

3 

1.018 

3 

124 

6.5 

5 gm. Na citrate 

4 

1.023 

3i 

169 

5.8 

Exercise, playing squash 

5 

1.025 

3i 

159 


“ stair-running 

6 

1.032 

31 

136 

7.2 

5 gm. NaHCOs + stair-running 

7 

1.015 

4i 

58 

5.3 

Stair-running 

8 

1.026 

U 

183 

5.1 

Exercise, stair-running 

9 

1.026 

2i 

70 

5.5 

5 gm. NaHCOs -|- stair-running 

10 

1.009 

2 

55 

6.0 

Exercise, stair-running 

11 

1.010 

2 

73 

5.5 

5 gm. NaHCOs 4- stair-running 

12 

1.007 

2i 

51 

6,1 

Exercise, stair-running 

13 

1.019 

3 

57 

5.4 

HCl + stair-running 

14 

1.032 

3 

52 

5.0 

Exercise 

15 

1.035 

2i 

201 

7.5 

5 gm. NaHCOs + stair-running 

16 

1.024 

21 

177 

4.9 

Exercise, stair-running 


mm. The upper end of the curve runs from 95 mm. to 149 mm. 
parallel to the abscissa. 

When the sixteen experimental cases recorded in Table II are 
also considered, there is found little to alter this picture. The 
lower limit is 42 mm. for urine pco, obtained after dilution by 
drinking large amounts of water (Urine 2). The upper limit is 
201 mm. obtained after the ingestion of 5 grams of NaHCOs and 
severe exercise (stair-running, 30 meters up and down, three times. 
Urine 15). Indeed, of the five reauUs higher than 160 mm. 
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among our total number of 60 urine sample determinations were 
obtained after the subject had exercised. Results between 100 and 
150 mm. were usually obtained after the ingestion of alkali in the 
form of citrate or bicarbonate. A few high results were also ob¬ 
tained in apparently normal subjects under ordinary conditions. 

Relationship between Urine CO* Tension and Specific Gravity 

Fig. 2 indicates that none of our urine samples with specific 
gravity lower than 1.018 was of a CO* tension higher than 80 mm. 
Higher CO* tensions occurred only in fairly concentrated urines. 



nun. CO* tension 


Fig. 2. The relation between COi tension of urine and the specific gravity 

Relationship between Urine COt Tension and Period of AccurnuUdion 

in the Bladder 

Fig. 3 shows that no urine retained over 4 hours had a CO* 
tension over 120 mm., while a third of those retained less than 4 
hours had tensions over 120 mm., ranging up to 200 mm. Appar¬ 
ently, hi gh CO* tensions are to be found only in concentrated 
urines stored in the bladder for a short period, but the converse 
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of this is not true; namely, that high concentration or short period 
of accumulation, or both, result uniformly in high COj tensions. 

A possible explanation for the absence of high CO* tensions 
(greater than 120 mm,) in urine retained over 4 hours is that pro- 



flim.C0* tension 


Fig. 3. The relation between CO, tension of urine and the period of 
accumulation in the bladder. 

longed accmnulation in itself tends to produce a urine of average 
composition. If temporary conditions produce a urine of high 
CO* tension during 1 hour, it may be diluted with urine of usual 
tension during subsequent hours. In the one observation provid¬ 
ing an exception to the 4 hour rule (Urine 1, Table II), an abnor- 
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mal state was prolonged by taking 15 grams of NaHCOs in the 
evening and 8 grams more in the morning before voiding. The 
urine, voided after 10 hours collection, had a high COj tension. 

An alternative explanation is that free carbonic acid, which is 
one of the most diffusible of physiological solutes, slowly diffuses 
through the bladder wall when the COj tension of the urine is 
higher than that of the blood. 



intn.C 02 tension 

Fia. 4. The relation between COj tension and pH of urine 


In general, one may say that dilute urines, or urines stored in 
the bladder for a long period, tend to approach the average value 
of 67 mm. for CO 2 tension (see upper loft corner of Fig. 3, and lower 
left corner of Fig. 2). Herein may lie the explanation for Gamble’s 
(1922) comparatively constant urinary H 2 CO 3 values. 

Absence of Relationship between COt Tension and pH 

As is indicated by Fig. 4, we have found in agreement with Main- 
zer and Bruhn (1931), no correlation between the pH and the CO 2 
tension of urine. 




Tablb III 

Summary of Urine COt Tension Values Recorded in Literature 
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and pK' HjO admin- 

values istered 

Present authors (1934). Direct, tono- 30 “ normal 53-149 25% at 67 

metric 14 pathological 42-124 mm., 80%, 

16 ‘‘ experimental 43-201 42-95 mm. 
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Urine COi Tensions Found by Other Authors 

In Table III we have summarized the results available in the 
literature. The data of Strassburg (1872), Fredericq (1910), and 
our own are the only ones obtained by direct tonometric methods. 
Fredericq s results for forty-three human urine pco, values, from 
48 to 137 mm., agree well with our forty-four values from 42 to 
149 mm. The other data have been sufficiently discussed in the 
introduction. 


Acid-Base Balance of Freshly Voided Human Urine 

With the results of this and of the preceding paper (Sendroy, 
Seelig, and Van Slyke, 1934) we are able to estimate for twenty- 
one freshly voided human urines the acid-base balance, in the 
terms of pH, [COj], and pco, commonly used to define the acid- 
base balance of the blood. With the individual a and pK' values 
found for each urine, the pH was calculated according to the 
Henderson-Hasselbalch equation 


( 2 ) 


pH = pK' + log 


[CO,l - 0.1316 a Pco, 
0.1316 a Pco, 


with CO* content in terms of volume per cent. 

The results are contained in Table IV of this paper, and arc 
plotted in Fig. 5 on the logarithmic chart used by Peters and Van 
Slyke ((1931) p. 915). Fig. 5 is convenient for charting acid-base 
data in fields showing normal and abnormal variations. For its 
construction, the average values of a = 0.522 and pK' *= 6.10 
were used in Equation 2 above, or, more conveniently, in the trans¬ 
formed equation 

(3) [CO,] 0.1316 a (lO**®'"*^' + l) Pco. 


The magnitude of error introduced by using average a and pK' 
values is indicated in the preceding paper (Sendroy, Seelig, and 
Van Slyke, 1934). 

In addition to the results of Table IV, we have also plotted the 
positions, in Fig. 5, of other urine samples, for which we have 
determined direct pcoi colorimetric pH values. Included in 
the same chart are the results of Marshall (1922) from COa content 
and colorimetric pH values, those of Gamble (1922) from CO 2 con- 
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tent and calculated pco,, and those of Mainzer and Bruhn (1931) 
likewise from COj content and calculated pcot values. 

There is rather good agreement between our results and those of 
Mainzer and Bruhn, in that there is a similarly wide scattering of 
points outside of the area in which the majority of urines fall. 
This majority area may be considered as bounded by the limits 


Tablb IV 


Acid-Base Balance of Freshly Voided Urine eU 88" 


Urine No. 

“CO. 

dotormined 

pK' 

determined 

CO* tension 
determined 

COs content determined 

pH calcu¬ 
lated by 
Equation 2 


ce. COi per 
cc. tolution 


mm. 

mu per 1. 

vol. per cent 


1 

0.524 

6.21 

56.8 

1.928 

4.292 


2 

0.504 



75.37 

167.77 

7.36 

3 

0.536 

6.14 

41.6 

3.360 

7.479 

6.33 

4 

0.503 

mEm 

59.4 

2.115 


5.29 

5 

0.498 

H9 

68.8 

2.481 

5.523 

5.39 

6 

0.524 

6.07 

124.3 

16.90 

37.62 , 

6.60 

7 

0.528 

6.15 

52.6 

1.898 

4.225 

5.35 

8 

0.523 

6.11 

41.5 

1.441 


5.20 

9 

0.531 


124.5 

18.20 


6.65 

10 

0.515 


69.8 

2.595 

5.776 

5.51 

11 

0.532 

6.15 

54.6 

3.016 

6.714 

6.04 

12 

0.520 



18.28 

40.69 

6.94 

13 

0.530 

5.97 

51.1 

2.810 

6.255 

6.09 

14 

0.529 

6.14 

56.9 

2.127 

4.735 

5.43 

15 

0,527 

6.11 

76.8 

16.22 

36.11 

6.87 

16 

0.518 


84.0 

6.01 

13.28 

6.18 

17 

0.530 

6.13 

51.0 

2.110 

4.687 

5.64 

18 

0.522 

6,12 

74.6 

2.621 

5.834 

5.26 

20 

0.530 

6.13 

86.2 

9.75 


6.54 

21 

0.513 


69.6 

2.724 


5.49 

22 

0.532 

6.18 

59.1 

2.188 


5.43 


pH 5.0 to 6.4, pco, 40 to 85 mm., and COj content 3 to 13 volumes 
per cent, or 1.3 to 6 mM per liter. 

Compatibility of Results with FiUration^Redbsorption Theory of 

Urine Secretion 

The recent work of Richards (quoted below) and of Smith and 
his collaborators (Jolliife, Shannon, and Smith, 1932; Shannon, 








Volumes per cent total COg 
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Fig. 6. Acid-base balance results for human urine, o Mainzer and 
Bruhn (1931), from CO, content and tension; X Gamble (1922), from CO, 
content and tension; A Marshall (1922), from CO, content and pH; • 
authors (1934), from CO, content and tension; A authors (1934), from CO, 
content and pH. 


nUlimoles pep litcp total QOz 
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Jolliffe, and Smith, 1932) has provided strong experimental support 
for this theory, and it appears of interest to ascertain whether the 
present results concerning the acid-base balance of the urine are 
in accord with it. As the simplest way in which to demonstrate 
such agreement we outline the sequence of events which, accord¬ 
ing to the theory, lead to the production of urine showing the 
demonstrated relationships of BHCO», HjCOs, and pH. The 
explanation outlined is tentative, but to avoid repeated reserva¬ 
tions, the events are sketched as though the filtration-reabsorption 
mechanism were proved. 

Formation of Acid Urine—In the glomerular filtrate H*CO» and 
BHCO* are presumably present in approximately the same con¬ 
centrations as in the blood plasma. It is true that these concen¬ 
trations of H»COj and BHCO 3 have not been analytically demon¬ 
strated in the filtrate, but Wearn and Richards (1924) have shown 
that the filtrate has the same pH as the plasma, so that the ratio, 
HjCOatBHCOs, is the same as in the plasma. Furthermore, when 
the other crystalloids. Cl, urea, uric acid, glucose, creatinine, PO 4 , 
are filtered with unchanged concentrations, as shown by Richards 
and his collaborators, it appears reasonable to assume that HiCOs 
and BHCO 3 are similarly filtered. 

As the filtrate proceeds down the tubules it ordinarily becomes 
more acid, as has been colorimetrically demonstrated in the frog 
kidney by Richards (1929). It appears probable that the acidifi¬ 
cation is the result of active reabsorption of BHCO» in the same way 
that BCl is reabsorbed, the tubular cells returning both BCl and 
BHCO3 from the filtrate to the blood as completely as may be 
necessary to maintain the normal supply of these salts in the 
body. In the cases of both chloride and bicarbonate, reabsorp¬ 
tion may be so complete that only traces remain in the urine. In 
human urine, of the average normal pH of 6 . 1 , the BHCO 3 con¬ 
centration is only about one-tenth as great as in the blood plasma 
(Fig. 6 ). Table V illustrates, by average values, the estimated 
amounts of BHCO 3, H2CO3, and FO4 which are passed into the 
glomerular filtrate, and the amounts which escape reabsorption 
and appear in the urine. 

If one assumes that the glomerular filtrate forms in accordance 
with the filtration-reabsorption theory, and in the amoimts indi¬ 
cated by either the xylose or the creatinine clearances (Jollifife, 



SENDROY, SEELIG, AND VAN SLYKE 


391 


Shannon, and Smith, 1932; Shannon, Jolliffe, and Smith, 1932), 
it appears difficult to explain the smallness of the amounts of 
BHCO* foimd in acid urine by any process other than tubular 
reabsorption. Calculated as NaHCOa, the amount of bicarbonate 
filtered in the 24 hour glomerular filtrate of about 150 liters would 
be about 340 grams, containing 92 grams of Na, while in the daily 
output of urine only 3 or 4 grams of Na are ordinarily found, chiefly 
in the form of chloride, and only a fraction of a gram of alkali bi¬ 
carbonate (Table V). 


TABliB V 

Estimated Si Hour Filtration and Excretion of BHCOt, HiCOt, and POt by 

Human Kidney 


Substance 

Glomerular filtrate,* 
150 liters at pH » 7.4 

Urine, 1.5 liters at 
pH - d.l 

Urine, 1.5 liters at 
pH - 5.0 

Concen¬ 

tration 

Total 

amount 

Concen¬ 

tration 

Total 

amount 

Concen¬ 

tration 

Total 

amount 


mM per 1. 

mM 

mu per 1. 

mu 

mu per 1. 

mu 

BHCO,. 

25 

3700 

2 

3 

0.1 

0.15 

H,CO,. 

1.3 

195 

2 

3 

1.3 

2 

PO 4 . 

1 

150 

43 

65 

43 

65 


* From the results of Jolliffe, Shannon, and Smith (1932) it is assumed 
that the glomerular filtrate is about 1.4 times the maximum urea clearance. 
M 0 ller, McIntosh, and Van Slyke (1928) have found the maximum urea 
clearance to average 75 cc. per minute in normal men. Hence the glomer¬ 
ular filtrate is calculated to be 1.4 X 75 =• 10.5 cc. per minute, and 1440 X 
0.104 =• 149 liters per 24 hours. The 65 msi of PO4 excretion (=2 gm. of P) 
is the maximum likely to be found in the human 24 hour urine. 


Free HjCOj, unlike BHCOj, appears not to be “actively” re¬ 
absorbed, but merely to pass back by diffusion into the blood with 
reabsorbed water. There is no physiological need for HjCO* re¬ 
absorption, since CO2 is continually produced by combustion in 
the body. Evidence that HsCO* reabsorption is never “active” 
in the sense that the concentration in the tubular lumina is lowered 
below that in the blood, is seen in the fact that the COj tension in 
the urine never, according to our results, is found below that in the 
arterial blood. 

The changes in BHCOs and HjCO* which acidify the urine must 
also affect the acid-salt ratios of other buffers. Of these the most 
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important are normally the phosphates (Peters and Van Slyke, 
1931, pp. 959 and 1111). With alkaline phosphate the reversible 
reaction 

(4) H,CO, -f B,HP04 ^ BHCO,* -|- BHjPOi* 

must occur imtil the relationship indicated by Equation 5 is 
established. 

lBiHP04] [BHCO,] 

^ ^ IBH.PO 4 ] ” IH,C0.1 

(The factor 0.2 is the approximate ratio of the second dissociation 
constant of H 8 P 04 to the first dissociation constant of H 2 CO 8 .) 

It appears that all the phosphate excreted can be changed in the 
tubules from B2HPO4 to BH2PO4 by the reaction of Equation 4 if 
the following conditions are met: (1) The BHCOs formed by the 
reaction must be absorbed, so that the reaction can continue from 
left to right. (2) At least 1 mole of H2COS per mole of B2HPO4 
must be present in the initial glomerular filtrate. (3) The H 2 CO 8 
in the filtrate must not be diminished (by absorption) below this 
proportion until the reaction and the reabsorption of BHCOs are 
completed. It appears possible that all these conditions may be 
met. (1) As indicated by Table V, reabsorption of BHCOs in 
urine of ordinary acidity is nearly complete. (2) There is more 
than 1 mole of H2CO3 per mole of BsHPOs present in the calcu¬ 
lated filtrate. (3) Concerning the relative reabsorption velocities 
of HsCOs and BHCOs there are no data. Since about 20 times 
as many moles of BHCOs as of HsCOs are reabsorbed, however, it 
appears quite possible that reabsorption of BHCOs may suffi¬ 
ciently outrim that of HsCOs to meet the third condition. 

The acidifying effect of BHCOs reabsorption may be reenforced 
by B2HPO4 reabsorption, since only part of the glomerular PO4 
reaches the urine (Table V). However, to shift the B 2 HPO 4 : 
BH2PO4 ratio of 4:1 in the glomerular filtrate to the value of 
practically 0 in urine of pH 5, by B2HPO4 absorption alone, would 
require reabsorption of 80 per cent of the filtrate PO4 (all the 
B2HPO4). It does not appear from Table V that phosphate 
reabsorption always proceeds to this extent. Hence, at t4mes, in 

* This reaction, with tubular absorption of the BHCOs, was originally 
proposed by Cushny (1926) as a factor in acidification of urine. 
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any case, part of the decrease in the B 2 HP 04 :BHjP 0 i ratio, which 
occurs as the filtrate passes down the tubules, is apparently due to 
other acidifying causes, such as BHCO 3 reabsorption and the 
consequent reactions. Under no condition could B 2 HPO 4 re¬ 
absorption, by reversal of the reaction (Equation 4), have much 
effect in decomposing filtrate BHCO 2 , because the amount of the 
latter is so immensely greater. 

If the change from the alkaline to the acid form of phosphate 
during passage of the tubules is accomplished by reaction of the 
alkaline form with H 2 COS (Equation 4) and reabsorption of the 
BHCOj formed, a similar process must occur with the other uri¬ 
nary buffers. The condition under which the greatest demand is 
put upon such a mechanism is presumably that of severe diabetic 
acidosis, in which large amoimts of free hydroxybutyric acid are 
added to the acid phosphate in the urine. However, the maximum 
amount of total titratable acid (free organic acid plus acid phos¬ 
phate) found by Stillman, Van Slyke, Cullen, and Fitz (1917) in 
severe diabetic acidosis was 120 msi per 24 hours. This is not 
beyond the possibility of production by reaction of sodium hy- 
droxybutyrate with the 195 mM of H 2 CO 8 calculated in Table V 
to be present in the glomerular filtrate, the resultant BHCO 3 being 
reabsorbed, and the free organic acid left in the urine. Acidifica¬ 
tion by reabsorption of alkali salts of hydroxybutyric acid can 
hardly be important, because, to lower the pH to 5 by this means 
would require reabsorption of about 98 per cent of the hydroxy- 
butyrate in the glomerular filtrate, and the large amounts excreted 
(up to 75 grams in the 24 hour urine) preclude such complete 
reabsorption. 

Besides reabsorption of BHCOj and B 2 HPO 4 , an alternative 
method of acidifying the urine, and preserving the alkali reserve 
of the body, would be the excretion of free HCl into the tubular 
lumina (no other anion than Cl“ in the normal blood could provide 
sufficient acid to react with the amount of BHCO 3 estimated to 
be in the glomerular filtrate). Similarly one could assume in 
diabetic acidosis the tubular excretion of free hydroxybutyric acid. 
However, the fact that the pH of the urine, unlike that of the 
gastric juice, is never below 4.8, an acidity which could be pro¬ 
duced by either H 2 CO 3 or BH 2 PO 4 left after reabsorption of 
BHCOs and B 2 HPO 4 , inclines one to favor the hjqwthesis that 



394 


ACID-BASE BALANCE IN URINE 


reabsorption of the alkaline buffer salts produces the acidification 
of the urine. (In a solution under 67 ^nm. of COj tension, with 
BHCOj, and hence BjHPOi completely removed, the pH would 
be about 4.4.) Control of the relative speed and completeness 
with which BHCOj and HjCOs are reabsorbed appears to be 
sufficient to control the entire observed range of urinary acidity 
and alkalinity. 

The mechanism by which ammonia, formed in the kidney (Nash 
and Benedict, 1921), causes excretion of acids as ammonium salts, 
without loss of fixed base from the body, is also explicable by 
active reabsorption of BHCO3. The excretion can be explained 
by assuming that NHiHCOs formed in the kidney is filtered to¬ 
gether with BA brought by the blood, and that in the tubules ions 
are interchanged, BHCOa is reabsorbed, and NH4A is left in the 
urine. (A = anion of hydrochloric, hydroxybutyric, or other 
acid excreted as ammonium salt.) 

Formation of Alkaline Urine —When plasma bicarbonate con¬ 
centration is raised above a level of about 31 mM, the urine usually 
becomes alkaline (Palmer and Van Slyke, 1917). There is in 
such urine a relatively high concentration of BHCO3 (see Gamble 
(1922); Marshall (1922); also data in this paper). Excretion of 
NaHCOs may reach several grams per hour. The glomerular fil¬ 
trate of about 6 liters per hour, if also of more than 31 mM NaHCO 3 
concentration, would contain over 20 grams of NaHCO 3 per hour. 
Hence the observed maximal urinary bicarbonate excretion, of at 
most a fraction of this amount, can be accounted for merely by in¬ 
complete reabsorption of the filtered BHCO3. The relatively 
large concentrations of BHCO3 in the urine are sufficient to cause 
the maximal observed pH values, about 8, and by interaction with 
the phosphates and other buffers, would increase the urinary 
ratios of their alkali salts to their free acids or acid salts. 

SUMMABT 

A technique is described for measurement of CO2 tension in 
urine. The urine is equilibrated at 38® with 0.02 its volume of an 
air-COj mixture, and the CO2 tension is determined by micro¬ 
analysis of the gas bubble. 

The method has been checked by determinations on urines in 
which the COi tensions were set at levels known within 0.2 mm. 
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The error of the method averaged 1 mm., and in no case exceeded 
3 mm. 

COa tensions of human urines drawn from the bladder, in both 
normal and pathological cases, were found over the range from 40 
to 200 mm. The majority were between 45 and 95 mm. The 
greatest accumulation was within the zone 67 ± 5 mm., within 
which one-fourth of the tensions was found. 

COa tensions above 80 mm. were found only in urines sufficiently 
concentrated to have specific gravities of 1.020 or higher. Ten¬ 
sions above 120 mm. were frequently found after severe exercise, 
and after taking sodium bicarbonate. Such high tensions, how¬ 
ever, were not observed in any case in which the urine had been 
retained in the bladder longer than 4 hours. 

The fact that urine tensions below 40 mm. were never encoun¬ 
tered makes it appear doubtful that the COa tension of the urine 
ever falls below that of the arterial blood. 

Our results confirm Gamble's ( 1922 ) in showing that COa ten¬ 
sion and HfCOa concentration in urine remain within the same 
range, regardless of variations in total COa and BHCO3 content, 
so that high BHCOs content tends to produce urine of high pH 
(Fig. 5). Our data differ from Gamble's only in showing, because 
of wider COa tension range, somewhat less degree of correlation 
between BHCOj and pH. 

The results are compatible with the filtration-reabsorption 
theory of urine excretion. The entire observed ranges of urinary 
CO2 tension, COa content, and pH can be quantitatively deduced 
from reasonably probable variations in reabsorption of BHCO* 
and HaCOs from the glomerular filtrate. 
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I. INTRODUCTION 

Since the demonstration of the widespread occurrence of hookworm 
infection in the Southern United States by Stiles (1), Harris (2), and 
others (3) (4), the presence of hookworms in the intestinal canal of 
thousands of anemic children and adults in certain areas of the New 
World has been established. Although the exact causal relationship 
of the parasite to the anemia has not been made clear, hookworm 
disease in regions of severe infection has been regarded in a general 
way as S3monymous with anemia when the latter was not due to other 
obvious causes. The very name given to the parasite, Necator ameri- 
canus (American murderer), symbolized the general belief that in this 
widespread anemia a living parasitic agent was primarily the cause of 
disability and death. Although certain observations have been made 
which do not conform entirely to the simplicity of this idea, only in 
the past decade has the relationship of defects of nutrition to certain 
types of anemia been demonstrated in any quantitative manner. 
Recently the idea of a relationship between malnutrition and the de¬ 
gree of anemia in hookworm disease has been suggested by Smillie (5), 
Schapiro (6) and others. 

The influence of these two points of view concerning the etiology of 
the anemia of hookworm disease may be seen to advantage in the 
history of anemia in Puerto Rico, where it has long been noted to be a 
comnlon affliction. In 1788 Abbadd (7) stated “The jibaros (peas¬ 
ants) lacked liveliness and had the color and aspect of convalescents.” 
In 1883 Del Valle (7) remarked “It is only the exception to see one 
of good ruddy color.” At this time, according to Ashford (8), the 
anemia was commonly believed to be due to faulty diet. Therefore, 
the popular conception, although not technically so expressed, was 
that of a dietary deficiency anemia. Somewhat later as generous food 
with relatively small doses of iron and arsenic apparently failed to 
cure, the condition was attributed to malaria, climate or lack of 
hygiene. In 1888 Blanchard (8), referring to the finding of hook¬ 
worms in other West Indian islands and in Brazil, suggested that the 
parasite was probably present in Puerto Rico as well. In 1899 Ash¬ 
ford (7) discovered the parasite in Puerto Rico. Five years later 
Ashford, King, and Igaravfdez (8) published an extensive report of 
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their observations upon “anemia” in Puerto Rico. In the report they 
stated, “We have seen that the major portion of this ‘anemia’ is 
uncinariasis, and we earnestly recommend to our professional breth¬ 
ren .... that no further reliance be placed on iron, quinine, and tonics 

in general.” They also reported the failure of improved diets 

in the relief of anemia. In this way “anemia” in Puerto Rico, as in 
other regions of hookworm infection, became “uncinariasis.” The 
study of the problem then became for several years the study of appro¬ 
priate measures against the parasite. 

However, in 1929, perhaps influenced by the recent changes in 
point of view toward the mechanism of anemia elsewhere, Sudrez, 
Otero, and Molina (9) stated in a report of observations upon two 
cases of anemia that the most important factor in the production of 
anemias in Puerto Rico was the inadequate diet. It was only then 
emphasized that Blaud’s pills had long been used in Puerto Rico as 
an adjunct to measures against the hookworm. Moreover, in 1931 
Su&rez (10) observed a reticulocyte response in a case of hookworm 
anemia following the administration of an aqueous extract of liver. 
Although unaware of these particular facts, it seemed worth while to 
us to attempt to resurvey the problem of the anemia of hookworm 
disease in Puerto Rico in the light of recent observations upon the 
etiology and treatment of similar types of hypochromic anemia not 
associated with the hookworm. To the attack upon the disease by 
the elimination of the parasites and by the prevention of their spread, 
it was hoped that a third method might be added—the prevention 
or treatment of the anemia per se. It was our good fortune to be able 
to carry out the observations described below, of which a preliminary 
report has already been published (11), under the auspices of the 
Rockefeller Fovmdation in 1931. 

II. METHODS 

Studies were made of 83 patients with anemia and hookworm 
infection. The patients, who were mostly from rural districts, were 
observed either in various hospitals or as regular visitors to a special 
clinic established at the Presbyterian Hospital in San Juan. The 
patients were primarily selected because of the severity of their 
anemia and the absence of complicating infections or sources of blood 




400 


ANEMIA ASSOaATED WITH HOOKWORM INFECTION 


loss. Children, as well as adults of both sexes, were included in the 
series. In addition, field observations were carried out by Miss Celia 
Nufiez at Cidra, a small agricultural community, upon 32 patients, 
both children and adults, whose anemia was associated with hook¬ 
worm infestation. The methods and results of this work, by per¬ 
mission of Miss Nufiez, are briefly described below, and are to be 
published elsewhere in full (12). 

Patients under observation in the hospitals, unless otherwise speci¬ 
fied, were maintained on a basal diet resembling as closely as possible 
the usual food of the Puerto Rican peasants. The major articles of 
this diet were rice, beans, and white bread, such tropical vegetables as 
yautid, fiame and pldtano, and fruit juices. Meat and eggs were not 
given. A small amount of milk was allowed in coffee. Salt and 
sugar were given as desired. Carbohydrate desserts with syrup were 
freely used. The quantity of the diet was limited only by the desire 
of the individual for food. In the management of out-patients, sug¬ 
gestions as to diet were never made. In as many instances as possible 
a general history and diet history were taken, and a physical examina¬ 
tion was performed. The blood was examined for malaria in all 
doubtful cases, and the Kahn test was performed in all instances. 
The presence of hookworm was assured by direct examination of the 
stool for ova. In certain instances counts of the ova in the stools 
were made by the Stoll technique. In others all the worms expelled 
by efladent anthelmintics were collected. These essential and time- 
consuming observations were kindly performed by Dr. Florence King 
Payne. On 54 patients gastric analyses were performed. 

The hematological studies, except in the field experiment referred to 
above, were made from 5 cc. samples of venous blood drawn without 
stasis and rendered incoagulable by 0.05 cc. of a 20 per cent solution of 
potassium oxalate. Since the dilution and cell shrinkage factor was 
small and constant, no correction was made for it. The corpuscular 
counts were made by the usual technique with certified apparatus. 
The hemoglobin percentage was determined with a single Sahli 
instrument with a solid standard. One himdred per cent of hemo¬ 
globin was considered equivalent to an oxygen capacity of 21 volumes 
per cent. The mean corpuscular volume and hemoglobin indices 
were calculated from hematocrit values determined by the method 
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of Wintrobe (13). The serum color was estimated against bichro¬ 
mate standards by the method of Murphy (14) and the serum biliru¬ 
bin was determined by the quantitative Van den Bergh method. 
Blood films were made upon cover passes and supravitally stmned 
for reticulocytes with brilliant cresyl blue before being counterstained 
with Wright’s stain. When patients were in hospital, a 5 cc. sample 
of venous blood was usually taken every other day, and reticulocyte 
counts were made daily from capillary or venous blood as was most 
convenient. Out-patients usually had venous blood samples ex¬ 
amined every one or two weeks. Biopsies of the sternal bone marrow 
were made upon IS patients at various stages of their anemia. 

Aside from these purely descriptive observations, the general plan 
of study was to observe under controlled conditions the effect, espe¬ 
cially upon blood formation, of a single procedure. Thus, indi¬ 
vidually, the effect was observed of removal of the parasites of 
the administration of a high-protein diet, of various extracts of liver 
and of iron salts. The immediate effect of these procedures upon 
blood formation was determined by daily observations of the reticu¬ 
locyte percentage, a method which has been applied to the study of 
both macrocytic and hypochromic anemias (15) (16). In addition, 
the effect of any given procedure upon the red blood cell and hemo¬ 
globin values was determined. Certain of the therapeutic procedures 
mentioned above were carried out in the field experiment at Cidra, 
where observations of the red blood cell and hemoglobin values were 
made upon capillary blood. 

III. OBSERVATIONS CONCERNING THE ETIOLOGY OF THE ANEMIA 

A. Morphological considerations. At the same time that the study 
of the anemia of hookworm disease was under way, observations were 
being made upon sprue as well as upon other types of anemia encoun¬ 
tered in the same community. It became apparent that in certain 
instances patients with hookworm ova in the stools presented the 
clinical and hematological picture of sprue. Conversely, patients 
diagnosed clinically as sprue, sometimes presented a blood picture 
indistinguishable from that associated with severe hookworm infesta¬ 
tion. These facts indicated that it was not easy to discriminate 
between the two conditions in all instances. Furthermore, several 
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patients with no hookworm infection were observed to show blood 
pictures and hematological responses identical with those of patients 
with hookworms. The 83 patients forming the basis of this report 
were thus of necessity selected somewhat arbitrarily because they 
showed a severe degree of hypochromic anemia and had hookworm 
ova in the stools. 

i. The blood picture. The blood findings in the 83 patients on first 
coming under observation are sununarized in table 1. The outstand¬ 
ing features of the anemia were the reduction of the average cell size 
and hemoglobin concentration. Thus, the hemoglobin values were 
reduced in proportion to the number of red blood cells. Twenty-four 
patients had a color index of less than 0.5; only 9 had a color index of 
over 0.7. The severity of the anemia of the patients selected may be 
judged from the fact that only 5 patients had initial hemoglobin values 
of 50 per cent or over. Of the remaining 78 patients the initial hemo¬ 
globin values were less than 10 per cent in 3, between 10 and 19 per 
cent in 7, between 20 and 29 per cent in 26, between 30 and 39 per 
cent in 30, and between 40 and 49 per cent in 12 patients. According 
to Wintrobe, the average normal value for the mean corpuscular 
erythrocyte volume is 87 cubic micra with limits of 80 and 94 cubic 
micra. In this series, 7 patients had initial values within normal 
limits, but the majority showed a distinct reduction. Fifteen patients 
had mean corpuscular volumes of 60 cubic micra or less when first 
observed. Under controlled conditions the reticulocytes were usually 
less than 3 per cent, but in some patients without therapy reticulocyte 
counts varying from 3 to 6 per cent were found over periods of several 
days. Rarely an isolated higher value was noted. Nucleated red 
blood cells of the normoblast type occasionally were seen in the blood 
films of the patients with the more severe degrees of anemia. The 
number of leucocytes was usually within normal limits or slightly 
increased. Occasionally leucopenia with relative lymphocytosis was 
observed. Eosinophilia was common. Platelet counts were not 
made, but the impression gained from observation of blood films was 
that no significant variation from the normal existed. The icteric 
index was with few exceptions below 6, the normal value for the 
method. This fact was confirmed by the quantitative Van den 
Bergh test. 
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The blood findings, number of ova or hookworms, results of gastric analyses, and incidence of 
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M 

i 

ar 

w 

S 

>< 

s 

tf] 

ii 

I-) PM 

n M 

S8 

M 

HEMOGLOBIN 

^ Cfl 

si 

r 

RETICULOCYTES 

ICTERIC INDEX 

COLOR INDEX 

MEAN CORPUS¬ 
CULAR VOLUME 

OVA PER CENTI¬ 
GRAM 

NUMBER OF 
WORMS 

GASTRIC 

ANALYSES* 

GLOSSITIS 

DIARRHOEA 

1 

9 

M. 

3.91 

35 

7.8 

1.6 

2 

0.45 

55.4 

4- 





2 

10 

F. 

1.83 

21 

6.8 

4.9 

2 

0.57 

66.6 

281 


Ale. 

0 

4- 

3 

35 

F. 

2.22 

37 

7.3 

5.6 

1 

0.83 

85.1 

+ 





4 

33 

F. 

3.16 

35 

3.4 

wm 

2 

0.55 

81.4 

+ 





5 

35 

M. 

3.63 

50 

5.5 

1.4 

2 

0.69 

87.2 

50 


Ale. 

0 

4-4- 

6 

21 

F. 

4.58 

54 

4.2 



0.59 

65.0 

112 


Ale. 

0 

0 

7 

15 

F. 

4.14 

44 

8.0 

0.6 

3 

0.53 

60.6 

+ 


0 



8 

22 

M. 

2.53 

32 

6.9 

5.2 

2 

0.63 

73.7 

357 


Ale. 

0 

± 

9 

25 

M. 

2.36 

29 

4.6 

2.7 


0.61 

69.0 



Hist. 

0 

0 

10 

45 

M. 

1.93 

27 

8.3 

2.4 

4 

0.70 

84.8 

+ 



0 

0 

11 

18 

M. 

2.29 

37 

4.7 

1.9 

2 

0.81 


Ita 


Ale. 

0 

4- 

12 

12 

F. 

2.85 

56 

5.3 

EE 

6 

0.98 

97.3 

+ 

102 

Hist. 



13 

48 

M. 

3.53 

31 

5.4 

m 

4 

0.44 

55.7 

+ 

1,098 

0 

0 

-1- 

14 

25 

M. 

3.76 

46 

6.6 

0.8 

3 

0.61 

64.8 

2 


0 



15 

32 

M. 

2.48 

28 

14.1 

2.6 

1 

0.56 

65.3 

4" 





16 

12 

F. 

2.42 

22 

11.0 

1.8 

4 

0.45 

57.6 

44 


Ale. 



17 

12 

M. 

0.95 

10 

11.4 

2.4 

4 

0.53 

65.2 

+ 

630 

Ale. 



18 


M. 

2.37 

22 

6.8 

2.6 

3 

0.46 

63.2 

4- 

344 

Ale. 



19 

20 

F. 

2.67 

22 

9.6 

1.4 

1 

0.41 

52.4 

394 





20 

6 


mmn 

23 

5.7 

2.2 

3 

0.41 

63.2 

4 


Ale. 

0 

-f 

21 j 

22 

M. 

3.60 

28 

6.5 

1.6 

1 

0.40 

54.1 

4- 





22 

19 

F. 

2.11 

18 

7.6 

2:4 

2 

0.43 

57.8 

+ 


Ale. 

0 

0 

23 

51 

M. 

2.14 

24 

3.8 

1.2 

3 

0.56 

BE 

48 


Ale. 

0 

0 

24 

20 

F. 

3.78 

49 

6.4 


2 


67.5 

+ 





25 

40 

F. 

3.07 

50 

8.9 

1.6 

3 

0.81 

83.3 

+ 


Hist. 

•f 

+4- 

26 

9 

M. 

1.22 

9 

6.9 

0.6 

2 

0.37 

61.4 

494 



0 

4- 

27 

30 

M. 

2.09 

22 

1.9 

6.4 

4 

0.53 


286 


Hist. 



28 

42 

F. 

3.98 

59 

6.1 

1.0 

3 

0.74 

76.1 

4- 





29 

55 

M. 

2.91 

25 

5.6 

2.6 

2 

0.43 

57.0 

158 


Hist. 

0 

+ 

30 

m 

M. 

0.86 

9 

7.0 

2.4 

2 

0.52 

63.7 

1,307 


Ale. 

0 

0 

31 

42 

M. 

3.12 

36 


1.0 

2 

0.58 

65.4 

625 





32 

13 

M. 


19 

3.0 

1.8 

2 

0.48 

56.5 

918 


Ale. 

0 

0 

33 

60 

M. 


35 

5.6 

1.6 

2 

0.58 

64.3 




4- 

0 

34 

63 

M. 

3.40 

43 

11.2 

1.8 

1 

0.63 

67.6 

2 


Ale. 

0 

4- 

35 

16 

M. 

3.18 

46 

5.1 

2.8 

3 

0.72 


+ 


Ale. 

0 

0 

36 

m 

M. 

1.76 

18 

7.2 

0.8 

2 

0.51 

60.2 

130 


Hist. 



37 

11 

M. 

0.78 

8 

7.1 

2.2 

1 

0.51 

83.3 

498 


Hist. 

0 

4- 

38 

9 

M. 


42 

12.7 

5.4 

3 

0.64 

68.1 

4- 





39 

40 

M. 

1.91 

17 

2.9 

2.4 

2 

0.45 

62.1 

375 


0 

0 

0 


37 

F. 

2.71 

23 

4.3 

1.6 

2 

0.42 

54.2 

362 





41 

63 

M. 

3.53 

35 

8.0 

2.2 

3 


61.5 

161 


0 

+ 

4- 

42 

42 

F. 

2.58 

25 

5.4 

■BE 

2 

1 0.48 

54.8 

4- 






403 































































TABLE l-Conduded 


CASE NUICBEK 

H 

% 

s 

0) 

EEO BLOOD 
CORPUSCLES 

HEMOGLOBIN 

WHITE BLOOD 
CORPUSCLES 

i 

ICTERIC INDEX 

COLOR INDEX 

MEAN CORPUS¬ 
CULAR VOLUME 


NUMBER OP 
WORMS 

GASTRIC 

ANALYSES* 

GLOSSITIS 

DIARRHOEA 

43 



3.59 

35 

5.0 

1.2 

4 

0.49 

59.7 

132 


0 

0 


44 

50 


2.33 

23 

5.4 


2 

0.49 

64.8 

484 



0 

++ 

45 

19 


2.90 

28 

15.8 

1.6 

3 

0.48 


tKi] 



0 

0 

46 

6 


4.25 

41 

9.2 


2 

0.48 

53.8 

+ 





47 

10 

M. 

1.93 

26 

12.7 


3 

0.67 

73.5 

titiri 





48 

60 

M. 

2.49 

30 

7.2 

3.4 

2 

KtyiTi] 

74.5 

306 


Ale. 

0 

+ 

49 

40 

M. 

2.64 

24 

6.9 

3.0 

2 

0.45 

64.8 

+ 

313 

Ale. 

+ 

4-f 

50 

12 

M. 

3.80 

38 

11.8 

2.8 

4 

0.50 

63.4 

182 



0 

0 

51 

14 

M. 

3.07 

34 

7.9 

2.2 

3 

0.55 

61.2 

250 


Ale. 



52 

30 

M. 

2.70 

25 

6.8 

1.0 

3 

0.46 

63.7 

655 

76+ 

0 

+ 

+ 

53 

35 

M. 

2,03 

28 

5.5 


3 

0.69 

76.8 

931 

2,231 

Ale. 

0 

0 

54 

35 

M. 

3.66 

38 

7.7 


3 

0.52 

64.2 

+ 



0 

0 

55 

32 

M. 

2.97 

31 

7.7 

m 

4 

0.52 

64.2 

402 





56 

17 

F. 

3.53 

36 

7.3 

1.4 

3 

0.51 

63.7 

+ 


0 

0 

0 

57 

20 

M. 

3.48 

43 

9.6 

1.2 

1 

0.62 

66.5 

■f 

562 

Ale. 



58 

38 

M. 

2.51 

25 

6.3 

4.6 

2 

0.50 

55.6 

113 

155 

Ale. 

0 

0 

59 

35 

M. 

2.43 

25 

6.4 

2.4 

4 

0.51 

71.1 

+ 

1,066 

Ale. 



60 

12 

M. 

1.82 

20 

9.2 

3.8 

2 

0.55 

66.9 

+ 

718 

Ale. 



61 

14 

M. 


21 

2.8 

2.4 

4 

0.52 

61.8 

101 


0 



62 

52 

M. 

2.14 

32 

4.4 

3,0 

3 

0.77 

68.4 


1,424 

Ale. 

0 

0 

63 

19 

M. 

4.38 

38 

8.9 

1.8 

2 

0.43 

58.2 

112 

103 

Hist. 



64 

68 

M. 

3.57 

44 

7.4 

5.2 

2 

0.61 

71.5 

118 



0 

0 

65 

18 

M. 

1.57 

22 

6.8 

1.4 

2 

0.69 

78.4 

MSiTI 


0 

+ 

0 

66 

40 

M. 

2.55 

35 

5.3 

0.7 

2 

0.69 

75.6 

650 

723 

Hist. 

0 

+ 

67 

35 

M. 

mwQ] 

36 

3.1 


2 

0.69 

76.2 

+ 

724 

0 



68 

18 

M. 

1.98 

27 

■nKti 


4 

0.68 

mum 


1,234 

Ale. 

0 

+ 

69 

17 

M. 

2.88 

33 

3.8 

1.0 

3 i 

0.67 

Mm 

■E 


Hist. 

0 

0 

70 

20 


2.77 

39 

7.1 

3.6 

2 

0.72 

73.2 

+ 

1,106 

Ale. 



71 

19 


mMm 

37 

6.4 

1.1 

1 

0.89 

91.8 

+ 


Ale. 

+ 

+ 

72 

18 

M. 

2.62 

19 


1.8 

4 

0.59 

72.7 

179 


0 

0 

0 

73 

28 

M. 

tmio 

36 

6.6 

0.8 

5 

■ilKi] 

65.6 

+ 





74 

35 

M. 

3.54 

34 

4.8 

1,6 

3 

0.48 

EG 



Ale. 

0 

0 

75 

34 

M. 


39 


2.2 

3 

■iHrOl 


+ 


Ale. 

+ 

+ 

76 

25 

M. 

4.12 

45 


1.0 

3 

0.55 

65.0 






77 

6 


1.77 

17 

12.1 

0.8 

3 

0.48 

59.8 

tiW 



0 

-h 

78 

15 


3.63 

34 


1.4 

2 

0.48 

62.7 

49 

j 




79 

35 

F. 

3.49 

36 


2.0 

8 

0.52 

64.2 

+ 



0 

0 

80 

18 

F. 

3.68 

41 


0.4 

3 

0.56 

62.0 

152 





81 

24 

F. 

3.53 

38 

6.8 

3.2 

2 

0,54 

51.4 

+ 

40 

0 



82 

30 

F. 

2.88 

37 

4.5 

3.6 

4 

0.64 

66.1 

124 


Hist. 

0 

+ 

83 

18 

F. 

3.71 

46 

5.7 

1.8 

4 

0.62 

63.5 



Ale. 

0 

0 


* Ale. indicates secretion of free HCl after ingestion of 50 cc. of 7 per cent alcohol; 
hist, after injection of 0.5 mgm. of histamine phosphate; 0 indicates no secretion of free 
HCl after histamine injection. 


404 

























































RHOADS, CASTLE, PAYNE, AND LAWSON 


405 


With the exception of the mean corpuscular volume determinations 
in these patients, nothing new is added to the description of the blood 
picture of the hypochromic anemia of hookworm disease. The blood 
picture in this series of patients was that of a hypochromic anemia, 
usually microcytic, without evidence of active blood regeneration. 
It thus differs in no obvious way from the blood picture of types of 
hypochromic anemia not associated with hookworm infestation 
encountered in Puerto Rico and elsewhere. 

2. The bone marrow. The bone marrow findings are also in agree¬ 
ment with those found in other types of hypochromic anemia. Piney 
(17) has shown that only the ribs, flat bones, and vertebral column 
normally contain active cellular marrow in adult life. Peabody (18) 
has emphasized the fact that the pathological process present in the 
normally cellular areas does not necessarily extend to the long bones. 
For these reasons biopsies for histological examination of the bone 
marrow were performed on the sternum. A specimen of marrow was 
removed from this site at biopsy at various stages of the anemia in 15 
patients, and the tissue subjected to histological study. 

The sections were moderately but quite definitely more cellular 
than the normal marrow. The degree of increased cellularity varied 
in each section and varied from patient to patient. The number of 
fat cells was decreased and vascularity was marked. Islands of young 
cells were present with pale, clear cytoplasm and round to oval nuclei 
containing a few small, discrete masses of chromatin. These cells 
were considered to be at a stage not far removed from hematopoietic 
vascular endothelium. A second cell type was seen, although not in 
large numbers. This was a small round cell with a narrow rim of cyto¬ 
plasm and a nucleus containing large masses of heavily stained chro¬ 
matin. These cells were considered to belong to a primitive pluri- 
potential cell type. The predominant cell type, however, was the 
normoblast. Large numbers of these cells were present, both in 
islands and diffusely scattered throughout the tissue. There was a 
sharp disproportion between erythroblastic cells and those of the 
granulocyte series. Whereas this ratio is about equal in normal 
marrow, here the former outnumbered the latter from three to five 
times. The small number of granulocytes present showed no dis¬ 
turbance of maturation. 
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The histological picture described differs from the normal and from 
that of the marrow in cases of severe anemia due to toxic or infectious 
conditions such as nephritis of severe grade.^ It resembles to a certain 
extent the findings of other investigators of hookworm disease. Ash¬ 
ford and Igaravidez (7) reported the finding of many normoblasts and 
eosinophils. Day and Ferguson (19) occasionally found in addition a 
gelatinous appearance in the femoral marrow of autopsied patients. 
Dameshek (20) and others have reported characteristic pathological 
changes in the bone marrow removed at biopsy from the sternum of 
cases of idiopathic hypochromic anemia. The marrows are stated to 
be more cellular than normal, with less fat, and to show an increase in the 
ratio of erythroblastic to leucocytic cells. Since the histological picture 
in the bone marrow of the hypochromic anemia of hookworm infesta¬ 
tion thus apparently closely resembles the bone marrow picture in 
hypochromic anemia not associated with hookworm infestation, the 
common genesis of both types of anemia is suggested. These obser¬ 
vations will be discussed in detail in a later communication. 

B. Physiological considerations. The belief that the hookworm is 
the dominant factor in producing the anemia associated with it 
deserves careful study because, although it has been so often expressed 
and generally accepted, no entirely satisfactory explanation of its 
method of action has yet been given. For this reason consideration 
was given to the ways in which the parasite, alone or as one of several 
factors, could conceivably have a relation to the anemia. 

1. The relation of the hookworm to the anemia. Although in general 
there is stated to be a relationship between the degree of anemia and 
the number of worms harbored, attempts at correlation of the number 
of parasites with the degree of anemia in individual cases have met 
with no particular success in the hands of others (S) (6) (21) (22) 
(23). This feature of the analysis was accordingly not exhaustively 
pursued. However, in 17 patients all the stools were saved and worm 
counts were made during elimination of the parasites with hexyl- 
resorcinol by the technique of Lamson (24). In figure 1 is shown the 
relationship for 17 individuals between the number of parasites dis¬ 
charged and the initial hemoglobin level. It is clear that there is no 
obvious correlation. On the same chart are also plotted for 55 individ¬ 
uals the average number of ova in a centigram of feces, corrected 
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for the consistency of the material, against the initial hemoglobin 
value. Again there is apparently no significant correlation to be 
observed. In this respect, then, these observations are in agreement 
with other reports and clearly suggest the influence of factors other 
than the hookworm. The possibility of a contributing influence never¬ 
theless remains. 

a. The possible toxic effects of the hookworms. Although Whipple 
(25) has demonstrated weak hemolytic factors in the hookworms of 
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Fig. 1. Relationship between the Original Percentage of Hemoglobin and the 
Number of Worms Subsequently Removed from 17 Patients, and Between the 
Original Percentage of Hemoglobin and the Average Number of Ova per 
Centigram of Stool of 55 Patients 


men and dogs, convincing evidence for the r61e of hemolysis in the 
production of this anemia is lacking. The morphological characteris¬ 
tics of the anemia are not those of a hemolytic process, such as is 
illustrated by hemolytic jaundice, in which increased nunabers of 
reticulocytes and increased serum color are constantly present. It 
is, of course, possible that such a condition, if originally present, might 
later be hidden beneath the impress upon the blood picture given by 
the failure of the bone marrow. However, with the exception of 
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malaria or of a septicemia, particularly that due to the streptococcus, 
the action of infection is not that of a hemolytic process but of an 
inhibition of bone marrow function. De ^Langen (26) champions 
this theory; and Fhlleborn (27) states that the hookworm secretes a 
substance which has a toxic effect on the bone marrow. If, then, the 
presence of hookworms has a dominant effect in depressing the bone 
marrow activity, two phenomena should be demonstrable. First, 
the removal of the parasites should produce increased blood regenera¬ 
tion, and secondly, the presence of the parasites should inhibit, to a 
certain extent at least, the influence of agents capable of promoting 
blood formation. Observations designed to test the validity of these 
points were accordingly made. 

The effect of the removal of the hookworms upon blood production. 
Twelve patients were kept in hospital upon the basal diet referred to 
above, and no form of therapy for anemia was given. After a control 
period of a few days the parasites were removed by means of hexyl- 
resorcinol (24) and the effect upon reticulocyte production and red 
blood cell and hemoglobin values observed. In table 2 are shown the 
effects upon the hemoglobin and red blood cell values and the number 
of hookworms removed in each instance. It is evident that during 
periods of time as long as twenty-eight days after the first treatment 
for hookworms, very little effect upon red blood cell or hemoglobin 
values was produced. The average gain in red blood cells in 9 patients 
(calculated by extrapolation in cases 59, 67, and 81) was only 0.48 mil¬ 
lion per cubic millimeter in twenty-eight days. In two instances, cases 
52 and 63, the red blood cells actually declined slightly in number. 
The effect upon hemoglobin production was even less striking 
the average increase in 9 patients being only 4 per cent in twenty-eight 
days. In two instances, cases 59 and 61, the hemoglobin percentage 
actually became less. During six weeks the average gain in red blood 
cells of 7 patients was 0.49 million per cubic millimeter and in hemo¬ 
globin was 3 per cent. It is thus dear that the removal of the para¬ 
sites did not bring about any striking increases in red blood cells and 
hemoglobin, and thus affords no evidence for the dominant inhibitory 
effect of the hookworms on bone marrow function. It is important 
to realize, moreover, that the fact that slight increases in hemoglobin 
and red blood cell values occurred is not necessarily evidence of in- 
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creased activity on the part of the bone marrow. Precisely such a 
result would occur if the amount of blood loss were diminished. 

In the light of the observations of Minot and his collaborators (15) 
(16), as well as from the work of others, the value of the study of reticu¬ 
locyte production as a measure of bone marrow activity has been 
clearly established for both macrocytic and hypochromic anemias. 
This phenomenon should, theoretically at least, be applicable to the 
problem of detecting whether the removal of possible “toxic inhibition” 
of the bone marrow caused by the presence of the hookworms would 
result in increased hematopoietic activity. The principle is best 
illustrated by the effect of removing the parasites in another tropical 
disease associated with anemia. The anemia of many cases of malaria 
is clearly due, at least in part, to the rapid blood destruction dependent 
upon the activities of the plasmodia. The blood picture is the reverse 
of that of hookworm disease, since it is characterized by signs of rapid 
destruction and production of red blood cells, best shown by increases 
of the serum bilirubin and by persistently elevated reticulocyte counts 
during the active stages of an early infection. However, it is possible 
to demonstrate that in addition to the hemolytic process there is, as 
with other types of infection associated with fever, an actual inhibition 
of bone marrow function. This is shown by the fact that shortly 
after the abolition of the fever with quinine an increase of the reticulo¬ 
cytes in the peripheral circulation takes place. This temporary 
increase can easily be demonstrated in suitable cases of malaria, and 
is best explained on the basis of the removal of an inhibitory effect. 

In figure 2 is shown the contrast between the effect of removing the 
parasites in a patient with malaria and in a patient with hookworm 
infestation, case 52. Both patients were severely anemic. In the 
former, the distinct temporary increase of reticulocytes during ten 
days following treatment with quinine is in sharp contrast to the 
absence of any such effect resulting from the elimination of the hook¬ 
worms in the latter patient. If the hemolytic function alone had been 
abolished by the removal of the malaria parasite, the reticulocytes 
would have declined steadily without the tempnjrary increase. In 
table 2 are shown the results of hookworm removal upon reticulo¬ 
cyte production in 12 patients, including case 52. It is clear that in 
no instance was there a significant increase of reticulocytes. In con- 
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trast to this was the positive effect of the subsequent daily administra¬ 
tion of 6 grams of ferric ammonium citrate to 5 of these patients. 
Characteristic reticulocyte responses attended by rapid increases of 
red blood cell and hemoglobin values appeared in each instance. 

It is thus clear that the bone marrow in at least 5 of these patients 
was in a condition to produce reticulocytes in response to the admin- 



Fig. 2. Comparison of the Effects upon Hematopoiesis of the Removal of the 
Parasites in a Patient with Anemia Associated with Malarial Infection (Solid 
Dots), and in a Patient with Anemia Associated with Hookworm Infection, 
Case 52 (Open Dots) 

After abolition of the parasites, note the increase of reticulocytes in malaria, and the 
absence of such effect in hookworm disease. Note also the rapid improvement of the 
blood values in the anemia of malaria, and the absence of improvement in the anemia of 
hookworm disease. 

istration of hematopoietic substances, and therefore could potentially 
have so responded as a result of the removal of hypothetical inhibitory 
substances abolished with the hookworm elimination. The negative 
effect of the removal of the hookworms upon hemoglobin production 
in cases 13 and 67, in contrast to the striking effect of iron therapy, is 
graphically portrayed in figure 3. Over periods of 118 and forty-six 
days, respective’y, after the beginning of the hookworm elimination, no 
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significant increase of hemoglobin was noted. These results were fur- 
ther confirmed by the field observations at Cidra. 

'The effect of hematopoietic substances upon blood production without 
removal of the hookworms. The second of the two criteria of the possible 
influence of the parasite in inhibiting bone marrow function was 
stated to be a determination of the effect of the presence of the para¬ 
site upon the production of blood in response to the administration of 



Fig. 3. Comparison op the Effects upon Hemoglobin Production of the 
Removal of the Hookworms and of Therapy with Iron 
Note the negative effect upon hemoglobin production during a period of one hundred 
and ten days in case 13 (open dots), and during a period of forty days in case 67 (solid dots), 
following the removal of the hookworms. Compare the str^ing subsequent effect on 
hemogl(min production of the administration of 6 grams of ferric ammonium citrate daily. 


hematopoietic substances. If the presence of the parasites produced 
in some way an inhibition of the bone marrow similar to that of other 
infectious agents, the depressing effect upon the reticulocyte produc¬ 
tion and increases of red blood cells and hemoglobin should theoreti¬ 
cally be detectable. For this reason the response of the hypochromic 
anemias associated with bacterial infection to the administration of 
hematopoietic substances is disappointing in contrast to the effect of 
such substances in similar types of anemia not associated with in¬ 
fection. The inhibitory effect of infection is also occasionally demon- 
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plished in increasing knowledge of the onuses of sterility or low 
fertility. 

NUTRITION AND REPRODUCTION 

by M. H. Friedman and W. A. Turner» 

At one time or another claims have been made that almost every 
dietary ii^redient is indispensable for normal breeding performance. 
To some extent this is undoubtedly correct insofar as normal breeding 
performance is iissociated witli general health. The matter is con¬ 
siderably different if the question is asked. What are the requirements 
for reproduction above those necessary to maintain a mature animal 
in good health and to support normal growth in the immature animal? 
If the discussion is limited to breeding and excludes lactation, the 
answer is none- with one or two (piestionabh' exceptions. ITiideni- 
ably, there are conditions on deficient pasture and on restricted diet 
under natural conditions in whicli breeding performance is below par, 
but these examples do not afford evidence that the requirements for 
reproduction are different quantitatively or (jualitatively from the 
requirements for growth and maintenance. These naturally occur¬ 
ring difficulties, moreover, do not incriminate any one element of the 
diet specifically, because these deficiencies usually involve not one 
dietary element but several elements at the same time. For example, 
pasture deficient in phosphorus is deficient in protein also and 

perhaps in still other nutritive ingredients not yet investigated. 

For the satisfactory determination of the dietary reciuirements for 
reproduction we must rely upon carefully controlled experiments in 
which the deficiencies are limited to single dietary ingredients, with 
all other ingredients supplied in ample amounts. There are not 
many data available from experiments of this (‘haracter on the larger 
animals, so that we are forced to be guided by the laboratory data 
secured from experiments on the rat. In many other kinds of work 
it is justifiable to assume that results obtained with the rat will be 
very similar to results obtainable from the larger animals. In nutri¬ 
tion, however, the significant differences between species are numerous 
enough to prohibit the use of any one species of animal for the deter¬ 
mination of the nutritional requirements of other animals. It is 
therefore necessary to examine the available data critically, realizing 
their possible shortcomings, and citing those instances in which data 
from the larger animals are in accord with the results that have been 
obtained with the rat. 

THE RELATION OF PLANE OF NUTRITION 
TO REPRODUCTION 

In the rat serious abnormalities of the sexual function are encoun¬ 
tered on a completely balanced ration, even when the food intake is 
sufficient to maintain a body weight of 200 grams though insufficient 
to permit any further gain in weight {8/f4). In terms of energy intake, 
a decrease of not more than 25 to 30 percent below what the rat 
consumes on a self-feeding regime will affect reproduction adversely 

Physif)1oiyist and W. A. Turner is Associate Chemist, Division of Nutrition 
arid Physiology, Bureau of Dairy Industry. 
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{ 344 y 738). With iinderhuHling sevore enough to cause a marked 
retardation in the growth of tlie iininature animal, or a loss of weight 
in the mature animal, tlie estriis cycle stops comj^letely, ovulation 
fails entirely, the testes show atrophy and a loss of motile spiuiu, and 
the male loses sex interest and vigor (^8, 344 , 738, 748, 701). The 
temal(‘ rat may show these abnormalities in as litth* as 2 days {748). 
The guinea pig is almost equally susceptihh' to reduced food intake' 
{092, 893). Although the breeding performance of Nigerian (Africa) 
cattle afford an example of the effects of restricted energy intake {22), 
there has been no extensi\e investigation of this question in farm 
animals as a whole. 

This also applies to studies on human beings, all of tlu‘ data avail¬ 
able being com[)licated by specific dietary deficiencies in addition to 
energy deffciency. For example, the lowered fertility of both the 
human and animal populations in central Europe following the World 
War may have been due to underfeeding, but it must be remembered 
that the diet in these countries was severely restricted with respect 
to protein. 

On the other hand, almost all nutritional defich'ucies in animals are 
complicated by underfeeding. Any diet deficic'ut in one or more 
ingredients is apparently less palatable to the animal than a well- 
balanced ration, so that food intake on the deii<*ient ration is much 
below normal. If the missing items are ailded to the deficient ration, 
the food intake increases and a gain in weight follows. 

Because of this situation, it is almost impossihh' to arrange a satis¬ 
factory laboratory ex|)eriment that will show the eff‘(‘(‘ts of the d('ff- 
ciency of a single dietary ingredient without encountering at the same 
time the unavoidable effects of partial starvation. Practically every 
experiment on the rat or on larger animah reported in the literature 
suffers from this complication. Almost without exception, animals 
on the delicient diets eat less than the (*ontrol animals on the complete 
ration. Obviously the oidy fair comparisons in such situations would 
h(' with control aninnds limited to the same energy intake as the ex[)eri- 
mental animals. To [)ut the situation in anothei* way, it is necessary 
for the experimental animals to eat the ration if the effects of this 
ration are to be studied. Fi*om a scientific standpoint, it does not 
matter whether an animal starves to death by refusing to eat a diet 
low in phosphorus or by refusing to eat a diet low in iron. In either 
eveiit death would be attributable to starvation and not to a specihe 
deffciency of phosphorus or iron. 

In view of the dramatic effects of undernutrition on reproduction 
it is something of a paradox that a high plane of nutrition is suspected 
of leading to st-erility. Yet those who accept as fact that what is 
called ‘ffiigh condition” leads to sterility alst) accept without question 
the practice of flushing sheep. These two ideas ilo not fit well to¬ 
gether unless we can accept the proposition that a high plane of nutri¬ 
tion for a short time leads to increased fertility, but over a longer 
period of time leads to sterility. 

The practice of flushing sheep needs no defense by this time. Well- 
controlled experiments {212, 262, 750, 752, 858) in several countries 
have amply demonstrated tliat flushing results in a larger lamb crop 
even though it will not bring about heat at an earlier date. For 



TABLE 3 

Effect upon hematopoiesis of daily addition of 6 grams of ferric ammonium citrate {second periods) to basal diet without remoDol of hookworms 
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ANEMIA ASSOCIATED WITH HOOKWORM INFECTION 


TABLE 4 


Efect upon hemoglobin production of daily administration of 6-grams of ferric ammonium 

citrate 


CASE NUMBER 

HEMOGLOBIN PERCENTAGES AT 10-DAY INTERVALS 


0 days 

1 10 days | 20 days | 30 dayl | 40 days 

50 days 

1 60 days 


Hookworms not removed 


4 

35 

38 

48 

55 

63 

68 


5 

44 

48 

58 

68 

71 



7 

44 

55 

64 

70 

76 

83 

85 

8 

34 

40 

57 

63 

72 

75 

83 

11 

21 

40 

52 

57 

61 

66 

70 

16 

22 

44 

54 

64 

68 

70 

72 

23 

25 

37 

46 

53 




24 

44 

57 

66 

76 




34 

43 

53 






37 

18 

34 

41 

50 

49 

52 


38 

42 

49 

57 

64 

72 

77 


39 

17 

20 

26 

32 

35 

41 

44 

41 

36 

42 

52 

56 




42 

25 

33 

43 

55 

61 

67 

69 

43 

35 

40 

42 





46 

41 

50 

59 

65 

69 

71 

73 

47 

26 

47 

56 





48 

30 

40 






56 

40 

50 

62 

68 

72 



66 

40 

51 

58 

62 

70 

78 

80 

69 

35 

45 

52 

59 

64 

68 

70 

71 

41 

50 

55 





72 

22 

30 

41 

50 




73 

36 

50 






74 

34 

41 

51 

56 




76 

45 

58 

63 





80 

41 

52 

66 

62 

70 



Averages.... 

34 

44 

53 

59 

65 

68 

72 



Hookworms previously removed 



13 

40 

50 

59 

68 

70 

80 


52 

27 

38 

47 





59 

33 

47 

59 





60 

22 

37 






63 

36 

48 






67 

38 

37 

52 

60 

66 

71 


Averages.... 

33 

43 

53 

64 

68 

76 
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citrate fortunately bring additional evidence to bear on the question. 
In 5 patients whose hookworm burden was removed, during the first 
thirty days the average gain in hemoglobin (35 per cent) was slightly 
less than the average gain in hemoglobin (38 per cent) of 7 patients 
who had received no treatment for the parasites. Each group gained 



Fig. 5. Comparison of the Effects of Removal of the Parasites, of Improved 
Diets, and of Therapy with Iron. Results of Observations in the Field at 

ClDRA ON THE AVERAGE HEMOGLOBIN PRODUCTION IN 6 GROUPS OF PATIENTS 
The 32 patients were divided into two main groups, A and B, with three subgroups each, 
I, II and III respectively. The 16 patients of group A (open symbols) had the hook¬ 
worms removed before the beginning of the ejrperimental period (vertical line in figure). 
The 16 patients of group B (solid symbols) received no treatment for hookworms. The 
patients of groups A-I and B-I (circles) had no change in diet. The patients of groups 
A-ll and B-II (triangles) were given as an addition to their usual diet 300 grams of meat 
and 1500 cc. of milk daily. The patients of groups A-III and B-III (squares) had no 
change in diet, but received daily 6 grams of ferric ammonium citrate. Note the positive 
effects of iron in groups A-III and B-III in contrast to the negative or slight effects of 
removal of the hookworms or improvement of the diet. 


44 per cent of hemoglobin during the first sixty days of therapy with 
iron. The hemoglobin percentages for each patient were calculated 
for ten-day intervals as described above, and, together with the aver¬ 
ages, are given in table 9. The average hemoglobin values for each 
group are also plotted at ten-day intervals in figure 5. It is reasonable 
to conclude, therefore, that at least no evidence for a significant inhib- 
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itory effect of the parasites upon the bone marrow was demonstrable 
by our observations. 

6. The efect of blood loss. It is clear from the experiments of Wells 
(28) that at least in the dog considerable amounts of blood are removed 
by the hookworm. He estimated that in twenty-four hours 100 hook¬ 
worms removed 84 cc. of blood. Although Smillie (29) states that a 
large amount of blood is never seen in the intestinal tract of Necator, it 
is reasonable to suppose that some blood loss does occur as the result 
of infection with this as with other species. According to Bass (30) 
tests of the feces for occult blood are nearly always positive, even in 
mild or moderate infections. In our experience hemorrhagic spots 
were observed at the point of attachment of the worms in the intestinal 
tract of autopsied patients, and the worms would ingest red blood cells 
after being placed in saline solution. 

The anemia of acute blood loss is a condition from which the indi¬ 
vidual in a normal state of nutrition promptly recovers, and the evi¬ 
dences of increased bone marrow activity are ordinarily shown in the 
peripheral blood by the appearance of augmented numbers of reticu¬ 
locytes and occasionally of nucleated elements. At the same time, 
the red blood cell and hemoglobin values progressively increase 
toward normal. On the other hand, both animal experiments (31) 
and clinical observations make it clear that if the blood loss is suffi¬ 
ciently chronic, especially in the presence of dietary deficiency, hypo- 
chromic anemia without evidence of active blood regeneration will 
result when the available hematopoietic substances have been depleted 
to a certain level. The blood picture, under these circumstances, no 
longer shows evidence of increased bone marrow activity; the concen¬ 
tration of hemoglobin in the red cells becomes much reduced, and 
typical hypochromic anemia results. 

McMaster and Haessler (32) showed that in rabbits in which ane¬ 
mia was induced by repeated bleeding, the blood was more quickly 
made up if the animals were given subcutaneous injections of hemo¬ 
globin. Miller and Rhoads (33) have recently shown that rabbits 
maintained at a hemoglobin level of approximately SO per cent of nor¬ 
mal by daily bleeding, will produce practically twice as much hemo¬ 
globin in a given length of time when the blood removed is laked and 
the hemoglobin reinjected as when the blood is discarded. Whipple 
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TABLE 5 


Estimate of the numbet of times per month food of type specified was eaten by patients 


CASE 

NUMBER 

MEAT 

MILK 

EOOS 

FISH 

CEREALS 

GREEN 

VEGETA¬ 

BLES 

FRUIT 

BUTTER 

2 

2 

8 

4 

4 

0 

4 

n 

8 

4 

8 

60 

30 

8 

30 

8 



5 

8 

8 

8 

12 

8 

12 



6 

60 

60* 

30 

2 

0 

12 

60 

30 

7 

8 

30 

30 

2 

30 

60 

30 

30 . 

8 

3 

1* 

1 

12 

0 

1 ^ 

30 

12 

9 

12 

90 

8 

8 

1 

30 

! 8 

8 

11 

0 

0 

0 

30 

0 

8 

90 

0 

13 

12 

60 

8 

12 

0 

1 8 

2 

0 

15 

0 

0 

4 

4 

0 

0 

30 


16 

0 

30* 

30 

4 

0 

12 

60 

30 

23 

2 

4 

8 

8 

1 

3 

12 

8 

24 

20 

00* 

60 

20 

1 

30 

60 

30 

25 

2 

60* 

12 

30 

0 

12 

8 

8 

26 

8 

90 

12 

12 

0 

3 

30 

4 

29 

30 

4 

30* 

12 

30 

0 

3 

12 


32 

0 

0 

8 

8 

0 

30 

30 


33 

4 

0 

12 

12 

0 

4 

12 


34 

0 

0 

0 

30 

0 


90 

0 

35 

8 

30* 

30 

2 

0 


60 

0 

36 

1 

0 

8 

20 

0 


12 


37 

20 

30 

30 

8 

0 

12 

12 


40 

8 

0 

4 

1 

0 

4 

20 

0 

41 

4 

60 

2 

8 

0 

12 

60 

4 

43 

3 

60 

2 

8 

0 

1 

2 

2 

44 

4 

0 

30 

8 

0 

8 

12 


45 

0 

20 

1 

8 

0 

2 

4 


46 

0 

0 

4 

0 

0 

2 

8 


48 ■ 

1 

4 

4 

30 

0 

8 

8 

4 

49 

4 

30 

0 

8 


3 

30 

0 

50 

4 

20 

4 

4 

0 

2 

2 

0 

51 

8 

30 

4 

8 

1 

4 

20 

4 

52 

3 

30 

12 

20 

0 

3 

30 

0 

53 

8 

0 

8 1 

20 

4 

4 

30 


54 

4 

20 

8 

4 

0 

4 

4 


56 

12 

30 

0 

1 

0 


30 

0 

57 

8 

30 

4 

0 

0 

8 

8 

4 

58 

6 

30 

30 

12 

12 

30 

30 

30 

59 

12 

30 

4 

16 

4 

30 

20 

0 

61 

12 

30 

2 

24 

2 

60 

40 

2 

62 

12 

0 

0 

8 

0 

12 

2 

30 
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TABLE 5 —Concluded 


CASE 

NUMBER 

MEAT 

MILK 

EGGS 

FISH 

CEREALS 

GREEN 

VE(iETA- 

BLES 

FRUIT 

BUTTER 

64 

8 


4 

12 

0 

30 

4 

0 

65 

4 

60* 


30 

6 

12 

90 

0 

66 

12 



16 

3 

8 

24 

4 

67 

12 

4* 


30 

0 

8 

8 


68 

0 

30* 


30 

0 

8 

30 

1 

69 

0 

16* 


30 

0 

12 

6 

0 

71 

20 



8 

4 

30 

30 

0 

72 

4 

4 

8 

30 

0 

8 

8 


74 

4 

30 


20 

0 

30 

30 

20 

75 

8 



0 

0 

30 

20 

30 

79 

8 

20 


4 

0 

30 

30 

0 

80 

12 

30 


20 

0 j 

8 

60 


81 1 

0 1 

0 

0 

4 

0 

0 

4 1 


82 

32 

30 

30 

16 

0 

30 

4 

2 


* Milk other than in coffee. 


and Robscheit-Robbins (34) have demonstrated that in dogs with 
severe anemia from blood loss there is an 80 to 90 per cent utilization 
of hemoglobin given intravenously or intraperitoneally. The present 
observations demonstrate that human red blood cells also contain 
hematopoietic substances. Into each of 2 patients, cases 20 and 36, 
30 cc. of washed, packed human red blood cells were injected intra¬ 
muscularly daily for six days. The hematological data are shown 
in table 6. Although the results of the injection of these relatively 
small amounts of red blood cells, assuming even a 90 per cent utiliza¬ 
tion, could not be expected to be striking, it is interesting to note that 
in case 20 a gain of 1.97 red blood cells per cubic millimeter and 9 
per cent of hemoglobin resulted within a period of sixteen days. In 
case 36 the gain of red blood cells and hemoglobin was insignificant, 
but a definite increase of reticulocytes appeared and reached a maxi¬ 
mum of 12.6 per cent on the eighteenth day after the beginning of the 
injections. Similarly, in case 20 a reticulocyte peak of 6.8 per cent 
was attained on the twelfth day. No hematopoietic effects were 
observed from the injection of cell-free plasma. These results are 
considered to add to the evidence from other types of observations 
(32) (33) (34) that blood loss is important in the production of hypo- 
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chromic anemia, not only as a result of the actual blood shed, but 
also as a result of the deprivation of the body of hematopoietic factors 
contained in the lost red blood cells. Whatever blood loss is then due 
to the hookworm is clearly a potential contributory factor to the 
development of the hypochromic anemia through both of these 
mechanisms. 

2, The relation of factors other than the hookworm to the anemia. The 
work of many authors, especially that of Meulengracht (35), Witts 
(36), and Heath (37), suggests that hypochromic anemia in the tem¬ 
perate zone is due mainly to a lack of available iron in the body. 
The failure of the bone marrow to produce adequate amounts of 
hemoglobin and red blood cells is apparently at the bottom of the 
problem, and results directly or indirectly from an inability of the 
bone marrow to function normally in the absence of suflicient iron 
and probably of other hematopoietic substances. In hypochromic 
anemia, not associated with infection, the mechanisms by which the 
failure of hematopoiesis is brought about are various and may be 
combined in the same patient. The available iron in the body may 
be depleted by blood loss or the iron intake may be insufficient either 
because of dietary defect or because the absorption of iron from the 
intestinal tract is inadequate. In the latter case gastric anacidity (38) 
and conditions producing diarrhoea (39) probably play an important 
role. Although the ability of the hookworm to cause blood loss is 
clear, the failure of correlations of the degree of anemia with the 
number of parasites harbored by different individuals, clearly suggests 
the influence of additional factors. Furthermore, those communities 
in which hypochromic anemia associated with hookworm infestation 
is common, also furnish examples of similar types of anemia in individ¬ 
uals who have never had hookworm disease. Since, as has been 
demonstrated, the hypochromic anemia of hookworm disease has no 
morphological or physiological characteristics which distinguish it 
from hypochromic anemias without hookworm infestation, it is logical 
to look for the possible influence of factors common in producing other 
types of hypochromic anemia. 

a. The relation of dietary defects to the anemia. Smillie (5) has 
suggested the importance of malnutrition in augmenting the anemia 
of hookworm disease in Brazil. Smillie and Augustine (23) thought 
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Received extract from only 240 grams of liver daily. 

Periods preceding other observations shown above on same case (36b) 





































































Second periods. Daily administration of various substances as indicated below 
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that with ample food there could be a heavy hookworm burden with¬ 
out anemia. Schapiro (6) noted differences between the worm bur¬ 
den and degree of anemia in the population of Panama, which he 
attributed to differences in diet. An investigation was made of the 
individual diets of 56 of the 83 patients presented in this report selected 
entirely at random. The method of taking the diet histories included 



Fig. 6. Effect of the Removal of the Parasites upon Red Blood Cell and 
Hemoglobin Production in Patients Not Receiving Iron 
The average values of the red blood cells of the 11 patients of groups A-I and A-II 
(solid dots and broken line), whose hookworms were removed, should be compared with the 
average values of the red blood cells of the 9 patients of groups B-I and B-II (solid dots and 
line), whose hookworm burden was not removed. The average hemoglobin values of the 
same groups of patients are shown in the curves with open dots. The differences in the 
trend of the curves represent differences induced by removal of the parasites. Note that 
the effect of removal of the parasites upon red blood cell production is greater than upon 
hemoglobin production. 


questioning the patient as to his particular likes and dislikes in food, 
and whether his diet differed in any way from that of other members 
of his family. He was asked to describe an average daily menu. In 
addition, he was questioned as to the number of times per day, week 
or month that he ate specific foods common in Puerto Rican dietaries. 
Although the taking of a dietary history is admittedly a diflUcult pro¬ 
cedure in which the quality of the patient’s answers may be as im- 
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portant as his quantitative statements in indicating the amount and 
type of food taken, the monotony of the fare of the Puerto Rican 
peasants aided the investigation by limiting the possibilities. In 
general, the diets were very similar and could well be described in the 
words of Suarez (40): 

The Porto Rican peasant breakfasts on coffee and a small loaf of pale 
white bread. His lunch consists of a large quantity of polished rice and 
kidney beans with scanty vegetables. His dinner is a stew of rice, chick¬ 
peas, pumpkin, and perhaps one or two tropical vegetables such as yautid. 
Once or twice a week he has the great good fortune to eat some salted codfish. 
This diet has been taken without variation since childhood. Many of 
these individuals have never had meat, eggs, or milk. 

In table 5 an attempt has been made to present in a roughly quan¬ 
titative manner the individual consumption of those articles of diet 
which might be considered to be important from the standpoint of 
sources of complete proteins, vitamins, and mineral elements including 
iron. Thus, the table does not represent the chief sources of energy 
of the Puerto Rican diet mentioned by Sudrez, but merely those food¬ 
stuffs considered to be of especial nutritional significance. The figures 
represent as nearly as could be determined the average number of 
times, without reference to quantity consumed, that the particular 
type of food’mentioned was eaten during a period of one month. It is 
to be clearly understood that the figures are estimates and are neces¬ 
sarily of only approximate accuracy. From an inspection of the 
data, however, it is at once apparent that the consumption of meat, 
milk, eggs, whole grain cereals, and butter was extremely low in this 
group of patients. Milk was utilized mainly in small amounts in 
coffee unless indicated in the table by an asterisk. Fresh fish was 
rarely used, and the values in the table refer almost entirely to salt 
codfish. Green vegetables, such as lettuce, chard, string beans, chay- 
ote, okra, and other Puerto Rican products were largely employed 
in garnishing the main staples, rice and beans. In a land in which 
citrous fruits, pineapples, and bananas are plentiful, it is surprising to 
see how small the consumption of these articles appeared to be. 

The explanation is largely an economic one, for the majority of the 
population affected by hookworm anemia is of the peasant class, 
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serving as laborers on plantations for the raising of such ‘‘gold crops” 
as sugar, coffee, and tobacco. The concentration of the living quarters 
of the laborers makes small truck farming difficult, or it may even be 
expressly forbidden by the policy of the company. The wage scale 
is low, and the dependents are often numerous. Several of the pa¬ 
tients in this group depended for their food entirely upon the charity of 
others. Poverty, local customs, and lack of refrigeration diminish 
to a minimum the consumption of meat and dairy products, and result 
in the widespread use of dry beans and peas, polished rice, and salt 
codfish in a land seemingly bountifully endowed by nature. 

It has been clearly shown by many workers (35) (36) that iron in a 
variety of forms is of dominant importance in the therapy of hypo¬ 
chromic anemia. Since Heath, Strauss, and Castle (37) have shown 
that in hypochromic anemia, iron administered parenterally reappears 
more or less quantitatively in the resultant increased hemoglobin in 
the blood stream, the view that iron therapy acts more or less directly 
by eliminating an iron deficit in the body is highly credible. For this 
reason it is logical to suppose that a lack of iron in the diet may lead 
to a deficiency of hemoglobin in the red blood cells. According to the 
figures given by Sherman (41) the percentage iron content of the main 
articles of these Puerto Rican diets may be assumed to be somewhat as 
follows: dry kidney beans,0.007; dry peas,0.0057; white bread, 0.0009; 
fruit and tropical vegetables less than 0.001; codfish at least 0.0011. 
Lean meat and eggs each contain 0.003 per cent of iron, but the other 
articles itemized in table 5, such as milk, cereal, green vegetables, and 
butter, all contain less than 0.001 per cent of iron. It is thus apparent 
that, because of the addition of peas and beans, there exists in these 
diets a reasonably good source of iron when compared with the figures, 
for example, for lean meat and eggs. According to Robscheit-Robbins 
(42) certain foodstuffs, especially glandular organs, such as liver, 
kidney and chicken gizzard, and such foods as eggs, apricots, and, to a 
lesser extent, lean meat, are of importance in producing hemoglobin 
in the dog. It is clear that these articles were present to only a small 
degree in Puerto Rican diets. 

Based on the available knowledge, the diets seem possibly to have 
contained in the peas and beans good sources of iron, although they 
lacked decidedly the food substances that by reason of other properties 
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may be of metabolic importance in the production of hemoglobin. 
In the light of these facts, it is certainly not possible to arrive at any 
definite conclusion concerning the exact nature of the dietary defect 
related to the anemia. It is clear, however, that the supply of animal 
protein, minerals, and possibly of certain vitamins was far from opti¬ 
mal in these diets. Cook (43) states that 50 per cent of the energy 
value of the foods imported in Puerto Rico is represented by rice and 
beans. He showed that prepared rice and beans, as served in a 
Puerto Rican restaurant, were inadequate for growth in rats unless 
supplemented with cod liver oil. Certain common Puerto Rican 
vegetables, such as platano and yautid, were of some assistance in 
promoting growth when added to the rice and beans. Cook and 
Rivera (44) found the calcium intake to be low in the Puerto Rican 
diets. Although the exact relation of dietary constituents to anemia 
is still uncertain, the clinical impression is that many cases of hypo¬ 
chromic anemia, not associated with hookworm infestation, are ob¬ 
served in the temperate zone, in which diets far less impressively 
defective than these appear to be of etiological significance. On the 
other hand, the appearance of anemia in certain individuals is incom¬ 
prehensible except on the assumption that changes in the assimilative 
capacity of the intestinal tract render such individuals different from 
other members of the community. In the light of the observations 
of McCarrison (45) and others, it is probable that defective nutrition 
also exercises an effect indirectly, by promoting changes in the function 
of the gastrointestinal tract. Such changes may then secondarily 
lead to difficulty with the assimilation of elements directly essential 
to hematopoiesis. 

J. The relation of gastrointestinal pathology to the anemia. The 
concept of deficiency disease '‘conditioned” by gastrointestinal defects 
has been elaborated, using as an illustration Addisonian pernicious 
anemia (46). The apparent relation of altered gastrointestinal func¬ 
tion to hypochromic anemia has been emphasized by the work of 
Mettier and Minot (38), Keefer (39) (47), and others (48) (49). 
Dysphagia, gastric anacidity, and diarrhoea have been shown to 
occur in many cases of hypochromic anemia and to have a probable 
etiological relationship by causing the individual to limit or modify his 
diet or by preventing the proper assimilation of the elements necessary 
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for hematopoiesis. Ashford and his coworkers (8) stated that in 
hookworm disease the tongue was at times partially denuded of epi¬ 
thelium and was raw and red. They noted that a severe stomatitis 
was sometimes present, even involving the buccal mucous membranes. 
Pain and tenderness in the epigastriun; were found to be the most 
constant and clearly marked of any of the symptoms referable to the 
digestive tract. General abdominal tenderness was occasionally 
present. In their experience constipation was the rule, but in the 
advanced stages of the disease this alternated with diarrhoea. 

The factors of glossitis, gastric anacidity, and diarrhoea were 
accordingly given special attention in the analysis of the causes of this 
type of hypochromic anemia. In table 1 are shown the results of 
these investigations. Of 47 patients adequately studied, 8 either 
gave a history of or showed lingual changes. This is of importance 
because of the common association of loss of the papillae of the tongue 
in hypochromic anemia and in other deficiency diseases (48) (SO). The 
gastric response to the administration of 50 cc. of 7 per cent alcohol 
and to the subcutaneous injection of 0.5 mgm. of histamine phosphate 
was determined in 54 patients, usually once, either before treatment 
or in the early stages of effective therapy. The pepsin content of the 
material secreted in response to histamine was estimated by the use 
of Mettzs tubes in samples of gastric contents brought, if necessary, 
to pH 2 with hydrochloric acid. Of the 54 patients examined, free 
hydrochloric acid was secreted in response to the alcohol by 30, and 
only after the injection of histamine by 11; in 13 patients there was no 
secretion of free hydrochloric acid. Peptic activity was observed in 
all but 7 patients, of whom only one was able to secrete hydrochloric 
acid. That gastric anacidity was found in only 24 per cent of the 
patients with hookworm disease and anemia indicates that it is by 
no means as common as in idiopathic hypochromic anemia (20) (51). 
However, since Mettier and Minot (38) were able to demonstrate 
greater effects with iron salts administered to patients with idiopathic 
hypochromic anemia when the upper intestinal contents were kept 
relatively acid than when maintained near the neutral point, the 
etiological significance of achlorhydria in relation to the absorption 
of iron is probably of potential significance. In the etiology of the 
hypochromic anemia of hookworm disease, however, the much lower 
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incidence of gastric anacidity correspondingly diminishes the impor¬ 
tance of this factor. 

Since the patients with anemia unassociated with hookworm infec¬ 
tion were observed in a community in which sprue is common, it is 
possible that the defective dietary background considered to be an 
etiological factor in sprue (52) (53) (54) has an influence upon the 
patient with hypochromic anemia. As was stated above, the dis¬ 
tinction between cases of sprue with hypochromic anemia and cases 
of hookworm disease with lingual and intestinal symptoms was neces¬ 
sarily arbitrary in some instances. Indeed, of the 47 patients selected, 
8 had a history of or showed signs of glossitis and 24 had had moder¬ 
ately severe diarrhoea on certain occasions preceding the present 
illness. The fact that transient diarrhoea is a common occurrence 
in people in the tropics who are apparently in good health otherwise, 
should not set aside its potential significance as a mechanism leading 
to the faulty absorption of hematopoietic factors in the light of the 
observations of Keefer (39) (47) and others. In studying patients 
with sprue, in certain instances the effectiveness of orally administered 
liver extract was found to diminish as time went on, although its 
activity by parenteral injection remained good (55) (56). This was 
regarded as evidence of a progressively decreased absorption of the 
orally administered active principle. By analogy it is perhaps reason¬ 
able to assume that the intestinal tract of certain individuals who live on 
defective diets and who harbor hookworms may become less permeable 
to iron. Such a supposition is clearly necessary in comprehending 
the etiology of certain cases of hypochromic anemia not associated 
with hookworm infection. Here again the oral dosage of iron salts 
necessary to produce a given hematopoietic effect varies from patient 
to patient, as does the dosage of liver extract in different patients with 
pernicious anemia or sprue. Rotter (57) described the occurrence of 
morphological change in the small intestine in hookworm disease. He 
stated that the submucosa was thickened, with hyaline changes of the 
connective tissue and deposit of hemosiderin. The mucosa may be 
from 3 to 5 times as thick as the normal, with areas of atrophied mu¬ 
cosa containing very few glands. At any rate, the association of 
changes in the gastrointestinal tract with other types of hypochromic 
anemia is so common that in the face of the available evidence, such 
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changes must surely be considered as a factor in the etiology of the 
h 3 rpochromic anemia associated with hookworm infestation. 

IV. OBSERVATIONS CONCERNING THE TREATMENT OF THE ANEMIA 

Although a few reports on the effect op administering hematopoietic 
substances upon the anemia associated with hookworm disease existed 
in the literature at the time that these studies were undertaken, the 
attention of those engaged in treating patients with hookworm dis¬ 
ease was largely taken up with the elimination of the parasite. A 
careful analysis of the relative effects of the removal of the parasites, 
and of therapy with improved diets, with iron and with certain liver ex¬ 
tracts has not to our knowledge, however, previously been carried out 
under controlled conditions in hospitalized patients as well as in field 
experiments. Since the publication of the preliminary report of this 
paper (11), Sudrez (58) and Cruz (59) have confirmed certain of the 
results described here in detail. 

A. The effect of removing the hookworms. The effectiveness of 
removing the hookworm burden in bringing about relief of the anemia 
has not always been uniform in the experience of others (8) (19) (60), 
although the elimination of the parasites has generally been considered 
necessary to a cure. Ashford, King, and Igaravidez (8) concluded 
from their observations in Puerto Rico that the elimination of the 
hookworms would bring about rapid relief of the anemia in the major¬ 
ity of instances. The present observations present a striking contrast 
to their conclusions since the effect of removal of the parasites without 
other therapy was, at best, slight. The essentially negative effect of 
removing the parasites from 12 patients who were maintained under 
basal conditions in the hospital has been described in detail above 
(see table 2 and figure 3). Below are described the confirmatory re¬ 
sults of similar observations in the field, which are summarized in 
table 9 and figures 5 and 6. 

B. The effect of iron salts. Although Ashford, King, and Igara- 
vfdez (8) did not consider therapy with iron of any particular impor¬ 
tance, compared to elimination of the hookworms, in the relief of the 
anemia, a careful scrutiny of the protocols of their observations sug¬ 
gests that the iron administered in many instances was of importance 
in bringing about the rapid improvement observed. This interpreta- 
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tion finds support in the observations of others. Boycott (60) ob¬ 
served improvement of the blood picture in hookworm disease with 
iron and arsenic therapy. Day and Ferguson (19) showed striking 
improvement on giving iron. Kobayashi (61) and Yang and Keefer 
(62) demonstrated the positive effect of the administration of iron 
upon hematopoiesis in a few patients without removing the parasites. 
As described above, the daily administration of 6 grams of ferric 
ammonium citrate without removal of the parasites was attended in 
our experience by rapid relief of the anemia. The data for such 
observations upon 27 patients are presented in tables 3 and 4. In 
table 4 are also shown the results of similar therapy upon the hemo¬ 
globin values of 6 patients whose hookworm burden had previously 
been removed. The average increases of hemoglobin in the two series 
during the first thirty days were 25 and 31 per cent respectively. 
These values compare favorably with the results of iron therapy in 
other types of hypochromic anemia; and were confirmed by the studies 
in the field described below. In the group of 6 patients whose hook¬ 
worm burden was not removed the average gain of hemoglobin in 
thirty days was 38 per cent, whereas in the group of 5 patients whose 
hookworms were eliminated the gain was 34 per cent in thirty days. 

Thus, the lesson is clear, that the removal of the hookworm burden 
has in itself no especial effect upon hematopoiesis, whereas the ad¬ 
ministration of iron salts, irrespective of the presence of the parasite, 
at once brings about rapid hemoglobin regeneration. Moreover, the 
increase in hemoglobin values is coincident with remarkable clinical 
improvement. Marked subjective improvement was sometimes ex¬ 
perienced within two or three days. Thereafter the lassitude rapidly 
diminished, the color and strength improved, the appetite increased, 
edema disappeared, and the circulatory signs of anemia were progres¬ 
sively relieved. Moreover, the gastrointestinal symptoms of the 
disease, sometimes ascribed to the irritating effect of the parasites, 
were progressively relieved as the blood values rose, whether the hook¬ 
worms were removed or not. Improvement of the glossitis, as in 
idiopathic hypochromic anemia, was also observed. This is the more 
remarkable since the only change in therapy had been the addition of 
iron salts to the basal or native diets. On the contrary, the effect of 
simply removing the parasites improved the clinical condition of the 
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patients no more than it did their blood values. They remained 
pale, weak, and apathetic. 

It will be noted that in many instances the hemoglobin values in the 
tables had not reached normal values by the end of the periods of iron 
administration. This is due in part to the fact that the data do not 
extend beyond the termination of the particular type of observation 
under consideration, or that the patients left the clinic or hospital. 
For obvious reasons the effects of various procedures subsequently 
carried out on certain patients could not be shown in detail in the 
tables. However, although the patients regarded themselves as 
entirely well, the gain in hemoglobin, after a value of about 70 per 
cent was reached as a result of the administration of iron, was often 
slow as in other t 5 rpes of h)q5ochromic anemia. The effect of remov¬ 
ing the parasites or of giving in addition aqueous extract of liver was, 
therefore, tried in certain patients whose hemoglobin values seemed to 
be making slow progress. Neither of these procedures could be 
demonstrated to have any particular effect, and it became evident 
that time was necessary in many instances to complete the results of 
iron therapy. Furthermore, if permanent changes in the absorptive 
capacity of the gastrointestinal tract have occurred, as apparently 
exist in other types of hypochromic anemia, it is probably necessary 
in certain patients to continue a maintenance dose of iron even after 
the blood values are normal (63). 

C. The effect of various extracts of liver. Cohn, Minot, and their 
collaborators (64) developed the first fractions of liver for the treat¬ 
ment of pernicious anemia. Based on their methods the processes 
now employed consist essentially in the following steps: Beef or pig 
liver is finely minced and extracted with water. Upon acidification 
to pH 5 and heating to 80°C. a copious precipitate results. The 
remaining liquid is then concentrated in vacuo to a syrupy consistency. 
This fraction is effective in the treatment of pernicious anemia and 
was successfully used by Sufirez (9) in the treatment of the anemia of 
hookworm disease. When the syrup is poured into alcohol in such 
amounts that a 70 per cent concentration of alcohol by volume is 
obtained, a second precipitate results. This fraction has been found 
effective by Whipple and his coworkers (65) in the dietary-blood loss 
anemia of dogs. A considerable portion of the material soluble in 70 
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per cent alcohol may be precipitated by the addition of absolute alco- 
hoi until a concentration of 95 per cent by volume is reached. The 
dried precipitate, which is the original “fraction G” of Cohn, is highly 
■ effective in pernicious anemia but has little or no effect in hypochromic 
anemia (13) (63). 

Accordingly certain commercial preparations of these fractions of 
liver were administered to suitable patients under the usual controlled 
conditions in the hospital. The effect of the simple aqueous concen¬ 
trate* previously used by Sudrez (9) was evaluated in dosages known 
to be effective in pernicious anemia. Observations were made on 
IS patients. In table 6 are shown in detail the data concerning red 
blood cells, hemoglobin and reticulocytes during observations on 6 
patients, cases 1, 8, 26, 27, 61, and 64. No anthelmintic treatment 
was given. During periods of several days the amount of Liver 
Extract E-29 derived from 340 grams of liver was given daily to each 
patient, except to case 26 (a boy of 9 years) who received the amount 
derived from only 240 grams. With the exception of case 64, there 
was in each patient an increase of reticulocytes followed by an increase 
of hemoglobin. In cases 8, 26 and 64, in immediately subsequent 
periods following the discontinuance of Liver Extract E-29, the daily 
administration of ferric ammonium citrate produced second reticulo¬ 
cyte p)eaks. In table 7 are summarized the data upwn hemoglobin 
production in 15 patients treated daily with the amount of Liver 
Extract E-29 derived from 340 grams of liver. These data were 
derived from observations of the 6 patients just cited and 9 others 
observed as out-patients. The average increase of hemoglobin for the 
group in thirty days was only 13 per cent compared with 25 per cent in a 
group of 27 other patients receiving 6 grams of ferric ammonium 
citrate daily (see table 4). These observations confirm the activity of 
Liver Extract E-29 in this type of anemia noted by Suirez, but indi¬ 
cate the greater effectiveness of the iron salt, at least in the dosages 
employed. The relative effectiveness of these substances thus re¬ 
sembles the results in other types of hypochromic anemia. 

The fraction of liver which is insoluble in 70 per cent alcohol is 
relatively ineffective in the treatment of pernicious anemia. It 

> This fraction is commercially available as Liver Extract E-29, kindly supplied by 
Valentine’s Meat Juice Company. 
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corresponds, however, to the fraction shown by Whipple and his 
associates (65) to have hemoglobin-producing ability in anemic dogs. 
This substance is commercially available in dry form as Liver Ex¬ 
tract No. 55, except that in this particular preparation approximately 
0.5 gram of ferric ammonium citrate has tfeen added to the amount of 
extract derived from 100 grams of liver. Without the iron, this 
material’ was administered daily to 7 patients in doses of 12 grams, 

TABLE 7 

Effect upon hemoglobin production oj daily administration of liver extract Er29 derived from 

340 grams of liver 
Hookworms not removed 


CASE NUXBEK 

HEMOGLOBIN PEBCENTAGES AT 10-DAY INTERVALS 


0 days 

10 da3rs 

20 days 

30 da3rs 

40 days 

50 days 

1 

34 

40 

46 

52 



2 

15 

18 

30 




8 

35 

46 





15 

28 

34 

38 

45 

47 

51 

19 

22 

32 

40 

44 



27 

28 

41 

45 




31 

31 

41 

40 

42 

42 


44 

23 

24 

28 

33 



45 

28 

35 

38 

40 



50 

38 

39 

44 

50 

51 


54 

36 

40 

40 

42 

46 

49 

61 

20 

27 





64 

42 

45 





75 

34 

39 





Averages.... 

30 

36 

39 

43 

47 

50 


representing the extract derived from 400 grams of liver. In 3 pa¬ 
tients there was no significant effect upon hematopoiesis during peri¬ 
ods of ten days as illustrated by the data from cases 22 and 51 shown 
in table 6. In the other 4 patients of this series, there was a 
moderate effect upon hematopoiesis from feeding this liver fraction 
(see case 36). In all instances there was a second increase of reticu¬ 
locytes when the patients were given daily 2 grams of ferric ammo- 


* Kindly supplied without added iron by Eli Lilly and Company. 
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nium citrate, which is the amount of that iron salt added to each 12 
grams of the liver fraction in the preparation of Liver Extract No. 55. 
Thus, the administration of the fraction of liver precipitated by 70 
■ per cent alcohol had relatively slight hematopoietic effects in contrast 
to the action of the relatively small dose of ferric ammonium citrate. 
The effect of 2 grams of ferric ammonium citrate upon red blood cell 
and hemoglobin values was striking but less than that of 6 grams of the 
same preparation. (See case 51.) 

In considering the activity of these liver extracts, the fact that a 
certain amount of iron was naturally present is possibly of significance. 
The daily dose of Liver Extract E-29, derived from 340 grams of liver, 
probably contained between 8 and 25 mgm. of iron. This would 
correspond to 50 to 156 mgm. of ferric ammonium citrate. The 
smaller dose would scarcely be of significance, but the effect of the 
larger amount might be detectable. In the daily dose of Liver Ex¬ 
tract No. 55, derived from 400 grams of liver, about 34 mgm. of iron 
were present according to one analysis. This would correspond to 
about 210 mgm. of ferric ammonium citrate, which would probably 
have a slight effect and might, in some part, account for the activity 
of the material when administered even without the iron added in its 
commercial preparation. 

The fraction of liver which is soluble in 70 per cent alcohol but in¬ 
soluble in 95 per cent alcohol by volume, is potent in pernicious ane¬ 
mia in daily doses of the amount derived from 300 grams of liver. 
Liver Extract No. 343, N. N. R., represents a commercial preparation 
of this fraction. The data for red blood cell, hemoglobin and reticu¬ 
locyte values from observations on cases 27 and 61 are shown in the 
first periods of table 6. During periods of ten days the daily oral 
administration of the extract^ derived from 300 grams of liver was 
without detectable effect in these and in two other patients. In case 
27 the reticulocytes were originally elevated, but did not increase 
during the administration of this liver extract, as occurred immediately 
thereafter in both cases 27 and 61 with the administration of Liver Ex¬ 
tract E-29. The daily intramuscular injection of the amount of Liver 
Extract No. 343, N. N. R., derived from 10 grams of liver has the 


* Kindly supplied by Eli Lilly and Company. 



TABLE 8 

Comparison of ejects upon hematopoiesis of addition of meat and milk and of ferric ammonium citrate to basal diet without removal of hookworms 


CASE 83 

M)iC90[n3p9H 

niqoiSoiiiaH 

«IP3 

pooiqpaH 

CASE 82 
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pooiq pan 

CASE 65 

sa^Aaoinapa-s 

uiqoiSoTnaH 

sn*> 

pooiq pan 

CASE 62 

savCaoinapa^ 

mqoiSomaH 

sipo 

pooiq pa^ 

CASE 58 

sa^Xaoinapa')! 

oiqoiSoozaH 

sn» 

pooiq pan 

CASE 53 

saiXoopopa^ 

QiqoiSouiaH 

«na3 

pooiq pa^ 

CASE 35 

wvtoopiDpa^ 

tqqoiSomaH 

sipo 

pooiq pa^ 

CASE 29 

sa^Xooinapa's 

aiqoiSotnaH 

«nM 

pooiq pan 
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2.48 25 6.63.56 44 4.0 1.93 21 8.6 2.30 26 7.4 1.39 22 3.0 1.98 21 4.62.86 38 1.43.92 

2.71 30 6.23.91 50 6.8 1.85 23 12.0 2.58 29 15.0 1.45 24 3.0 2.12 23 10.2 3.05 41 3.04.10 

2.73 32 7.43.97 57 3.4 2.21 33 15.8 2.67 37 16.0 1.87 30 3.8 2.07 28 12.03.20 43 4.04.24 

2.91 37 6.64.36 59 3.2 2.54 34 13.8 3.14 40 12.8 2.10 37 8.6 2.09 29 5.63.60 50 3.44.60 

2.82 41 4.64.59 61 4.8 2.30 38 9.8 3.25 44 6.6 2.05 35 10.2 2.25 31 5.2 4.15 49 2.2 4.32 
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hematopoietic effect in pernicious anemia of the daily oral administra¬ 
tion of the same extract derived from at least 300 to 400 grams of 
liver. This extract* injected daily in amounts derived from 10 grams 
of liver had no effect on hematopoiesis in 8 patients, as illustrated by 
the data from the first periods of cases S, 9 and 11, shown in table 3. 
The negative effect of this material in the hypochromic anemia of 
hookworm disease thus corresponds with the results in other types of 
hypochromic anemia. 

D, The efect of improved dieL The deficient quality of the diet of 
the majority of these patients has been discussed above. It there¬ 
fore seemed logical to evaluate its etiological and therapeutic impli¬ 
cations by observing the effect upon the anemia of improving the diet. 
The basal diet in the hospital of 8 patients was accordingly improved 
by the daily addition of 1500 cc. of milk and 300 grams of lean beef. 
It was felt that these two substances would yield an excellent supply 
of animal protein, would provide certain vitamins, and serve as sources 
of iron and calcium. In table 8 are shown the detailed results of these 
dietary additions upon hematopoiesis. No treatment for the elimi¬ 
nation of the parasites was given until after the completion of the 
observations. It will be seen that within periods of time varying from 
fourteen to eighteen days, no significant effect upon reticulocyte pro¬ 
duction, hemoglobin or red blood cell values was produced. Case 58 
was apparently running an elevated reticulocyte count throughout the 
period of observation. Although in a few instances there were grad¬ 
ual increases of reticulocytes of slight degree, the absence of any 
significant effect produced by the improved diets is clearly brought 
out, upon the return to the basal diet, by the positive effect of the ad¬ 
ministration of ferric ammonium citrate in daily doses of 6 grams. In 
every instance, rises of red blood cell and hemoglobin values resulted, 
associated with increases of reticulocytes. The negative effect of 
the administration of the improved diet, contrasted with the positive 
effect of iron upon reticulocyte and hemoglobin production in cases 53 
and 62, is graphically presented in figure 4. 

V. OBSERVATIONS IN THE FIELD 

The results in hospitalized patients of these observations upon the 
relative therapeutic efficacy of removal of the hookworms, of im- 

• Kindly supplied by Eli Lilly and Company. 
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proved diets, and of iron therapy were confirmed in general by the 
field observations in Cidra on a group of 32 patients with initial hemo¬ 
globin values of less than 50 per cent of normal, and hookworm ova in 
the stools. These observations are being reported elsewhere in 
detail (12). The patients were largely employees of a local company, 
and lived in small houses scattered over an area of several miles. 
Men, women and adolescent children were selected at random, if 
found to be sufficiently anemic. Constant supervision was exercised 
to see that the medicine and food dispensed were actually taken by the 
proper individuals in the prescribed amounts. 

The 32 patients were divided arbitrarily into two main groups, A 
and B, of 16 patients each. Those in group A were treated three 
times with carbon tetrachloride and oil of chenopodium followed by a 
saline purge before the beginning of the experimental period. By 
examination of the stools the elimination of the parasites was assured 
and maintained by re-treatment at approximately monthly intervals. 
In a few of these patients, despite three or more treatments, a few ova 
were constantly found in the stools. The patients of group B received 
no eliminative treatment, and the presence of a persistent hookworm 
infection was confirmed by examination of the stools for ova at fre¬ 
quent intervals. Each of the two main groups, A and B, was divided 
into three subgroups, I, II and III respectively. The patients in 
groups A-I and B-I had no change made in their diets during the 
whole course of the observations. The patients in groups A-II and 
B-II with the beginning of the experimental period were given daily 
300 grams of lean meat and 1500 cc. of milk in addition to their usual 
diet. They were also encouraged to eat more fruit and leafy vege¬ 
tables. The patients in groups A-III and B-III received no change 
in diet, but were given daily by mouth 6 grams of ferric ammonium 
citrate in the form of a 50 per cent aqueous solution. The blood 
studies consisted of capillary red blood cell and hemoglobin deter¬ 
minations, made at intervals of approximately a week during both the 
control and the experimental periods. The hemoglobin readings were 
invariably performed with the same Sahli instrument by the same 
observer. 

For convenience in presenting the results of these observations, the 
hemoglobin determinations made upon each patient were plotted 



TABLE 9 

Comparison of effects upon hemoglobin production of removal of hookworms^ of improved diet^ 
and of administration of ferric ammonium citrate^ in field observations at Cidra 
Figures in table are hemoglobin percentages 


GKOXTP CASE 

NUliBER NUMBER 


DAYS BEFORE 


THERAPY 


DAYS AFTER BEGINNING OF EXPERIMENTAL 
PERIODS 



Group A. Hookworms removed 
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TABLE 9 —Concluded 


GROUP CASE 

NUMBER NUMBER 


DAYS AFTER BEGINNING OF EXPERIMENTAL 
PERIODS 

0 I 10 I 20 I 30 I 40 I so I 60 I 70 I 80 I 90 



against days, and from the curve so constructed the values at ten-day 
intervals were defined and are presented in table 9. From these data 
the average hemoglobin values for each group were calculated for ten- 
day intervals, and the results are plotted in figure 5. The average 
hemoglobin percentage of the 6 patients of group A-I, who had the 
hookworms removed but received no other therapy, shows a gradual up¬ 
ward trend, but in one hundred ten days the hemoglobin gain was only 
about 20 per cent. The average hemoglobin percentage of the 3 pa¬ 
tients of group B-I, who received no treatment of any kind, decreased 5 
per cent in a period of eighty days. The average hemoglobin percentage 
of the 5 patients of group A-II, who received the improved diet after hav¬ 
ing the parasites eliminated, showed an increase of 8 per cent in ninety 
days. The average hemoglobin percentage of the 6 patients of group 
B-II, who received the improved diet without removal of the parasites, 
was a few percent less at the end of one hundred twenty days. These 
results are then consistent with the assumption that by the removal of 
the parasites a constant source of blood loss was abolished, which 
resulted in the ability of the patients to gain hemoglobin very slowly, 
in contrast to the slow descent of the hemoglobin values of the patients 
still harboring parasites. They also confirm entirely the facts ob¬ 
served under controlled conditions in the hospital, that the removal of 
the parasites alone results in little improvement. The improved diet 
apparently was unable significantly to influence the rate of hemoglobin 
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formation as already demonstrated by the observations on other pa¬ 
tients in the hospital. 

The data for the red blood cell values of individual patients were 
treated in a fashion similar to that applied to the data on hemoglobin 
and are shown in table 10. The removal of the parasites without 
other therapy permitted within thirty days moderate increases of 
erythrocytes in contrast to the insignificant effect upon hemoglobin 
formation. During periods as long as ninety days, somewhat greater 
increases took place. During one hundred ten days the average in¬ 
creases of red blood cells in groups A-I and A-II were respectively 
1.6 and 2.0 million per cubic millimeter. In the corresponding 
groups in which the parasites were not removed, there were respect¬ 
ively decreases of 0.7 million in eighty days in group B-I and 0.4 mil¬ 
lion per cubic millimeter in one hundred ten days in group B-II. The 
averages of the combined red blood cell values of the 11 patients of 
groups A-I and A-II, and of the 9 patients of groups B-I and B-II, 
are plotted in figure 6. The average hemoglobin values of these two 
groups of patients are also plotted in the same figure. These data 
are thus derived from all the patients not receiving iron; and the dif¬ 
ferences between the two groups represent the effectiveness of remov¬ 
ing the hookworm burden. In one hundred ten days the average 
increases of red blood cells and of hemoglobin of the 11 patients whose 
hookworm burden had been removed were respectively 1.8 million per 
cubic millimeter and 20 per cent. In one hundred days there were 
decreases of the average red blood cell and hemoglobin values of the 
9 patients whose hookworm burden had not been eliminated, of 0.55 
million per cubic millimeter and of 7 per cent, respectively. It is 
thus clear that the effect of removing the parasites is greater upon red 
blood cell than upon hemoglobin production, with a resultant lowering 
of the color index. This implies that the available hemoglobin has 
been redistributed among a larger number of corpuscles. 

However, it was only when iron was given that both hemoglobin 
and red blood cell values were rapidly augmented, as shown by the 
data from the patients of groups A-III and B-III, given in tables 9 
and 10. Under these circumstances, the presence of the parasites 
apparently had no detectable effect upon the production of either red 
blood cells or hemoglobin. Only by the use of iron was the oxygen- 



TABLE 10 

Comparison of effects upon red blood cell production of removal of hookworms^ of improved 
diet^ and of administration of ferric ammonium citrate^ in field observations at Cidra 
Figures in table are red blood cells in millions per cubic millimeter 


GSOUP 

NUMBER 

CASE 

NUMBER 

DAYS BEFORE 

THERAPY 

DAYS AFTER BEGINNING OF EXPERIMENTAL 
PERIODS 



30 1 20 1 10 


0 1 10 1 20 1 30 1 40 1 50 1 60 

o 

o 

90 


Group A. Hookworms removed 
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TABLE 10 —Concluded 


GROUP 

NUMBER 

CASE 

NUMBER 

DAYS BEFORE 

THERAPY 

DAYS AFTER BEGINNING OF EXPERIMENTAL 
PERIODS 

30 

20 1 10 




40 1 50 


El 

90 


Group B. Hookworms not removed —Concluded 


26 



1.6 

Diet not 

1.9 

2.3 

HH 

3.7 

4.3 

4.6 

4.8 

4.9 

4.9 


27 

2.8 

2.8 

2.7 

changed; 6 

2.6 

2.7 

3.7 

3.9 

3.7 

3.4 

3.7 

5.2 

4.7 


28 




grams ferric 

3.1 

3.5 

4.5 

4.8 

4.6 

3.7 

4.5 

4.2 



29 



2.8 

ammonium 

3.2 


HE 

4.0 

4.1 

4.8 

4.8 

4.8 



30 




citrate daily 

2.4 


3.9 

m 

4.1 

4.5 

HE] 

4.7 

4.4 

3.7 

31 





3.0 

3.3 

4.3 

5.4 

5.8 

5.9 

5.1 




32 





3.6 

3.9 

4.2 

3.9 

3.8 

3.9 

4.3 




Averages 

2.8 

2.8 

2.4 


2.8 

3.3 

3.9 

4.2 

4.4 

4.4 

4.7 

4.8 

4.7 

3.7 


carrying capacity of the circulation significantly and rapidly im¬ 
proved, and the symptoms of the anemia consequently alleviated. 
The average hemoglobin values for the 5 patients of group A-III, 
who were treated for the parasites and then given daily 6 grams of 
ferric ammonium citrate, as well as the average hemoglobin values 
for the 7 patients of group B-III, who received the same amount of 
iron salt but no treatment for the removal of the hookworms, in¬ 
creased rapidly after the beginning of the administration of the iron 
ammonium citrate. The average gains of hemoglobin in each group 
are comparable, and amount to 34 and 38 per cent respectively during 
the first thirty days of iron therapy. During the first sixty days of 
iron therapy each group gained 44 per cent of hemoglobin. It is 
thus clear from these observations that the presence of the parasites 
had no detectable inhibiting effect upon the production of hemoglobin 
in response to iron therapy. This result confirms the observations 
conducted imder controlled conditions in the hospital, and demon¬ 
strates the practicability of therapy with iron in the field. 

VI. DISCUSSION 

The observations reported above, concerning the etiology of the 
anemia of hookworm infestation, at least in Puerto Rico, make it 
dear that as far as the morphology of the blood picture and of the 
bone marrow is evidence of similarity, the anemia resembles various 
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types of hypochromic anemia unassociated with hookworm infection. 
Patients showing no evidence of hookworm infection but with 
identical blood pictures and physiological responses to hematopoietic 
substances were encountered in Puerto Rico. Today the hypochromic 
anemias are considered to be mainly due to defective blood formation, 
particularly to defective hemoglobin production. Apparently the im¬ 
mediate cause is a lack in the body, mainly of available iron (21). The 
remarkable effectiveness of large doses of iron ammonium citrate in 
the relief of the hypochromic anemia of hookworm disease does not 
differ from that observed in the therapy of other types of hypochromic 
anemia in which faulty diets, gastrointestinal changes, and blood loss 
clearly play rdles of varying importance in bringing about an iron 
deficiency. These possible etiological factors were accordingly 
evaluated as far as was possible. Strikingly defective diets, some 
glossitis, a moderate percentage of gastric anacidity, and a good deal 
of diarrhoea were found. The reduction of available hematopoietic 
material in the body through blood loss rests upon a firm basis from 
experiments on animals, and was confirmed by our observations on 
the hematopoietic effect of injected red blood cells. Since it was 
impossible to demonstrate any direct inhibitory effect of the parasite 
upon the function of the bone marrow, it is our belief that the influence 
of the parasite in the production of anemia depends solely upon its 
ability to cause chronic blood loss. Blood loss due to Necator ameri- 
canus imdoubtedly occurs, although it is probably not so great as that 
due to Ancylostoma duodenale. The difficulty of reconciling the vary¬ 
ing degrees of anemia or even apparently perfect health, which may 
exist in association with a given amount of hookworm infection, is, 
however, easily surmounted if it is considered that the other factors, 
which we have examined, play contributory rdles in reducing the 
available supply of hematopoietic substances in the body. Despite 
the fact that beans and peas are apparently a good source of iron, the 
obvious limitation of the diet in animal protein and in vitamins A, B, 
and D, brings again into prominence the etiological relationship of 
dietary defects, which were considered important before the discovery 
of the parasite. The obviously disturbed condition of the gastro¬ 
intestinal tract of so many of these patients is sufficient to suggest 
difficulty with the assimilation of hematopoietic substances. Such a 



448 


ANEMIA ASSOCIATED WITH HOOKWORM INFECTION 


disturbance can be shown to exist in other hypochromic anemias, es¬ 
pecially when gastric achlorhydria is present. Not all the patients 
with hypochromic anemia associated with hookworm infection stand 
entirely apart from patients with sprue, which is also common in 
Puerto Rico. Our selection was arbitrarily made on the basis of the 
hypochromic type of blood picture and the finding of ova in the 
stools, but patients with sprue are encountered with hypochromic 
blood pictures. The symptoms of sprue strongly suggest an involve¬ 
ment of the intestinal tract in the etiology of the process. The gastro¬ 
intestinal disturbances and the macrocytic anemia are probably due 
to a deficiency in the diet of a heat-stable substance associated with 
many sources of the vitamin B complex (52) (53) (54). Changes in 
the gastric function and in the intestinal permeability (55) (56) have 
been demonstrated in sprue; and it is possible that in the dietary back¬ 
ground of the sufferers from hypochromic anemia there are defects 
which have led to changes in the absorptive function of the alimentary 
canal with respect to iron. In this way certain individuals could 
become “conditioned” for diflSiculty in the assimilation of iron, as is 
clearly the case in other t 5 T)es of hypochromic anemia. The fact 
that rapid blood production and striking clinical improvement in¬ 
variably resulted from the addition of iron salts to the basal diet of 
the patients, indicates that the chief immediate defect leading to the 
production of the hypochromic anemia is iron. This does not mean 
that although no significant effect resulted from improvement of the 
diet alone, dietary defects other than iron may not play a part leading 
up to the iron deficiency; nor that an increase of the food iron would 
not be important in preventing the development of the anemia. The 
presence of other deficiencies is suggested by the fact that a concen¬ 
trated aqueous extract of liver containing negligible amounts of iron 
was found to be effective. The possibility of reversing gastrointestinal 
changes produced by defective diets over long periods of time is 
obviously more remote than simply overcoming their immediate 
effects by the administration of large doses of hematopoietic substan¬ 
ces. It also is not intended to imply that because the anemia can 
be totally relieved by the exhibition of iron without removing the 
parasites, the latter play no part in its production. In varjring de¬ 
grees in different patients the factors of food deficiency, gastrointesti- 
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nal changes, and blood loss, apparently share the credit for causing this 
type of hypochromic anemia as in other varieties. 

Certain prevailing impressions concerning treatment are contra¬ 
dicted by an analysis of the problem carried out by testing the effect 
of only one procedure at a time. The observation was repeatedly 
made that the removal of the parasites resulted in little improvement 
of the blood picture or the clinical condition of the patients sometimes 
over periods as long as ninety days. In the severely anemic patients 
who were selected, the supply of hematopoietic substances had already 
been so greatly reduced that the mere prevention of further blood 
loss through removing the parasites could perhaps not be expected 
to bring about remarkable benefit. It is, therefore, possible that 
our observations do not represent entirely the effectiveness of remov¬ 
ing the parasites from less anemic patients. On the other hand, with¬ 
out removal of the parasites, prompt improvement of the blood values 
and of the clinical condition invariably resulted from the administra¬ 
tion of iron salts without other changes in the diet. Thus, it is clear 
that by direct treatment of the anemia, on which seem to depend the 
major symptoms of the disease, clinical improvement can be greatly 
expedited. In the severely anemic patient the administration of 
anthelmintics may not be unattended with danger, and .certainly 
causes moTe discomfort than in a patient already restored to health. 
The importance of measures directed against the parasite is not to be 
deprecated, but the possibility of a quick return to better health and 
economic usefulness should aid in securing cooperation in such pro¬ 
phylactic measures as the wearing of shoes, the erection of adequate 
latrines and the use of better food. 

In addition to the cure of the anemia this approach should be useful 
as a factor in prevention. Since without anemia the presence of the 
worms is apparently not in itself detrimental to health, it should be 
possible to employ iron salts as a prophylactic, either alone or pref¬ 
erably in combination with anthelmintics. In patients with little 
or no anemia the use of improved diets might be more effective than 
in the already depleted patients who were studied here. It is im¬ 
portant to realize, however, that the nutritional state of the patients 
maintained on a basal diet seemed to be rendered eminently satis¬ 
factory by the addition of ferric ammonium citrate alone. For this 
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reason the cost of the treatment necessary to relieve or presumably to 
prevent the anemia is astonishingly low. A 50 per cent aqueous 
solution of ferric ammonium citrate (brown scales) was found to keep 
well in the tropics and could be prepare^ with very little labor from 
crystals costing only $2.00 a kilogram. The daily dosage of ferric 
ammonium citrate for adults should be at least 4 grams, preferably 6 
grams for maximum effects. The full amounts should not be given at 
first, and then only in divided doses after meals. In children smaller 
doses are desirable. Undoubtedly the prophylactic dose of iron 
need not be so large or could be administered at greater intervals of 
time. Observations on this point should be of great practical value. 
Other preparations of iron are also undoubtedly satisfactory for 
routine use in correspondingly large dosage. As with other types of 
hypochromic anemia associated with changes in the gastrointestinal 
tract, it is probably essential in many instances to continue the ad¬ 
ministration of iron after the patient has been returned to health, if 
assimilation of the food iron is not adequate (62). The effect of the 
liver fractions tested was found to be either negative or inferior to 
that of iron salts, and their cost far greater. Liver extracts, therefore, 
appear to offer no advantages over iron in the treatment of this type 
of hypochromic anemia. It is to be hoped that since the symptomatol¬ 
ogy of hookworm infection is predominantly that of anemia, the 
primary importance and simplicity of dealing directly with the anemia 
will be appreciated by those engaged in the problem. 

VII. CONCLUSIONS 

1. Based upon a study of 83 patients, the morphological and phys¬ 
iological characteristics of the severe h 3 rpochromic anemia associated 
with hookworm infection in Puerto Rico were found to resemble 
closely those of other types of hypochromic anemia not associated 
with hookworm infection. 

2. The anemia was considered to be due mainly to insufficient 
blood production as a result of a deficiency of available iron and other 
hematopoietic substances in the body. 

3. This deficiency is postulated to be produced by multiple factors’. 
by defective diets, or indirectly by gastrointestinal changes, or by 
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blood loss due to the hookworms. Various combinations of these 
factors are probably involved in different patients. 

4. No effect of the presence of the hookworm could be demonstrated 
other than could be accounted for by its ability to remove blood from 
the patient. 

5. The removal of the hookworms was shown to produce only slight 
clinical improvement and to have little effect upon hemoglobin pro¬ 
duction, but considerable effect upon red blood cell production within 
several weeks. 

6. The improvement of the diet, by the daily addition of 1500 cc. 
of milk and 300 grams of lean beef, was found to have no significant 
effect upon the anemia. 

7. The daily administration of 6 grams of ferric ammonium citrate, 
with or without removal oj the parasites, was attended by striking 
improvement of the blood values and the clinical condition of the 
patients. 

8. The daily administration of a concentrated aqueous extract of 
liver was shown to have a moderate effect; of a sub-fraction precipi¬ 
tated by 70 per cent alcohol to have a slight effect; and of a sub-frac¬ 
tion soluble in 70 per cent alcohol given either intramuscularly or 
orally, to have no effect upon blood formation. 

9. The practical importance of directing therapy first against the 
anemia in hookworm disease and secondly against the parasite is 
pointed out. 

10. The medical and economic advantages of using large doses of 
iron in the prevention and treatment of the anemia of hookworm dis¬ 
ease are emphasized. 
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INTRODUCTION 

In regions of severe hookworm infection anemia has been regarded 
in a general way as synonymous with hookworm disease when the 
anemia is not due to other obvious causes. Although certain observa¬ 
tions have been made which do not conform entirely to the simplicity 
of this idea, only in the past decade has the relationship of defects of 
nutrition to certain types of anemia been demonstrated in any quanti¬ 
tative manner. For this reason a resurvey of the problem of the 
anemia of hookworm disease seemed desirable in the light of recent 
discoveries concerning the etiology and treatment of hypochromic 
anemia not associated with hookworm infection. It was our good 
fortune to be able to carry out the observations described below under 
the auspices of the Rockefeller Foundation in 1931 in Puerto Rico. A 
preliminary report has already been published (1), and detailed de¬ 
scriptions of the observations will shortly be available (2). 

Methods 

Various studies were made on 83 patients, including children and 
adults, with anemia and hookworm infection. The patients, who 
were mostly from rural districts, were primarily selected because they 
had less than 50 per cent of the normal hemoglobin, had no complicat¬ 
ing conditions, and had hookworm ova in the stools. They were ob- 

* These observations were carried out in 1931 by the Commission of the Rocke¬ 
feller Foundation for the Study of Anemia in Puerto Rico. 
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served either in various hospitals or as regular visitors to a special 
clinic established at the Presbyterian Hospital in San Juan. Permis¬ 
sion has been given us to report briefly the results of field observations 
carried out upon 32 patients by Miss Celia Nuftez (3) at Cidra, a small 
agricultural community. Patients under observation in the hospitals, 
unless otherwise specified, were maintained on a basal diet resembling 
as closely as possible the usual food of the Puerto Rican peasants (see 
page 459). The presence of hookworms was assured by examination of 
the stools for ova or else all the worms expelled by efficient anthel¬ 
mintics were collected and identified. 

A systematic study of the morphological and physiological charac¬ 
teristics of the anemia was carried out, with particular attention to 
factors known to be of etiological significance in the production of 
types of hypochromic anemia not associated with hookworm disease. 
Particular attention was also given to the nature of the relationship 
of the hookworm to the anemia. The relative effectiveness of treat¬ 
ment of the anemia by removal of the parasites, by improvement of the 
diet, and by the administration of iron or liver extracts was deter¬ 
mined. Hematopoietic effects were judged in hospital patients by 
daily observations of the course taken by the reticulocytes (4, 5), and 
by determinations of the red blood cell and hemoglobin values of the 
venous blood on alternate days or at appropriately longer intervals. 
In the field observations (3) the red blood cell and hemoglobin values 
were determined from capillary blood at approximately weekly inter¬ 
vals. Standardized apparatus was used. With the Sahli hemoglo- 
binometer 100 per cent of hemoglobin was considered to be equivalent 
to 15.6 grams of hemoglobin per 100 cc. of blood. 

Descriptive Observations 

The blood picture. The outstanding features of the anemia were the 
reduction of average cell size and hemoglobin concentration. Except 
for the frequency of eosinophilia, the picture differed in no obvious 
way from the blood picture of types of hypochromic anemia not asso¬ 
ciated with hookworm infection encountered in Puerto Rico and 
elsewhere. 

The bone marrow. A specimen of marrow was removed from the 
sternum at biopsy at various stages of the anemia in 15 patients, and 
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the tissue subjected to histological study. The tissues were definitely 
more cellular than the normal marrow. The niunber of fat cells was 
decreased and vascularity was marked. Islands of young cells were 
present, representing a stage not far removed from hematopoietic 
vascular endothelium. A second variety of cell was seen, although not 
in large numbers, which was considered to belong to a primitive pluri- 
potential cell type. The predominant cell was the normoblast. Large 
numbers of these cells were present, both in islands and diffusely scat¬ 
tered throughout the tissue. The reduced number of granulocytes 
present showed no disturbance of maturation. This bone marrow 
picture does not resemble the findings in severe anemia due to toxic 
or infectious conditions such as nephritis of severe grade. The bone 
marrow findings are in agreement with those found in other types of 
hypochromic anemia (6) and resemble somewhat the findings of others 
(7, 8) in the anemia of hookworm disease. The common genesis of 
these types of hypochromic anemia is thus further suggested. 

The numerical relation of the hookworms to the degree of anemia. 
Smillie and Augustine (9), Schapiro (10), and others have observed 
that there is no consistent parallelism between the number of parasites 
and the degree of anemia. In our observations on 17 patients there 
was no observable correlation between the initial hemoglobin level 
and the total number of worms discharged. In 55 individuals the 
average number of ova in a centigram of feces, corrected for the con¬ 
sistency of the material, also showed no particular correlation with the 
initial hemoglobin value. These data are graphically presented in 
figure 1. 

The diet. Suarez and his associates (11) have stated that the most 
important factor in the production of the anemias in Puerto Rico is 
the inadequate diet. A careful diet history of our 83 patients showed 
that the diets taken were very similar and could well be described in 
the words of Suirez (12). “The Porto Rican peasant breakfasts on 
coffee and a small loaf of pale white bread. His lunch consists of a 
large quantity of polished rice and kidney beans with scanty vege¬ 
tables. His dinner is a stew of rice, chick-peas, pumpkin, and perhaps 
one or two tropical vegetables such as yautfa. Once or twice a week he 
has the great good fortune to eat some salted codfish. This diet has 
been taken without variation since childhood. Many of these indi- 
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viduals have never had meat, eggs, or milk.” The majority of the 
population in Puerto Rico affected by hookworm anemia is of the 
peasant class, serving as laborers on plantations for the raising of such 
‘‘gold crops” as sugar, coffee, and tobacco. The concentration of the 
living quarters of the laborers makes sihiall truck farming difficult, or 
it may even be expressly forbidden by the policy of the company. 
Poverty, local customs, and lack of refrigeration diminish to a mini¬ 
mum the consumption of meat and dairy products and result in the 
widespread use of dried beans and peas, polished rice, and salt codfish. 
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Fig. 1. Relationship between the original percentage of hemoglobin and the 
number of worms subsequently removed from 17 patients, and between the original 
percentage of hemoglobin and the average number of ova per centigram of stool 
of 55 patients. 

The gastrointestinal pathology, Ashford and his colleagues (7) have 
pointed out the occasional loss of papillae of the tongue and the com¬ 
mon occurrence of epigastric pain and tenderness, constipation, and 
diarrhea in sufferers from hookworm anemia. From our observations 
of the 54 patients upon whom gastric analyses were done, free hydro¬ 
chloric acid was secreted in response to 50 cc. of 7 per cent alcohol by 
30; only after the injection of 0.5 mgm. histamine by 11; and in 13 
patients there was no secretion of free hydrochloric acid. Of the 47 
patients adequately questioned, 8 gave a history or showed signs of 
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glossitis, and 24 had had moderately severe diarrhea on certain occa¬ 
sions preceding the present illness. 

EXPERIMENTAL OBSERVATIONS 

The effect of removing the hookworms. The effectiveness of the 
removal of the hookworm burden in bringing about relief of the anemia 
has not been uniform in the experience of others (8, 13), although the 
elimination of the parasites has generally been considered necessary to 



Fig. 2. Comparison of the effects upon hemoglobin production of the removal 
of the hookworms and of therapy with iron. Note the essentially negative effect 
upon hemoglobin production during a period of 110 days in case 13 (open dots) 
and during a period of 40 days in case 67 (solid dots) following the removal of 
the hookworms. Compare the striking subsequent effect on hemoglobin produc¬ 
tion of the administration of 6 grams of ferric ammonium citrate daily. 

a cure. Ashford, King, and Gutierrez Igaravidez (7) concluded from 
their observations in Puerto Rico that the elimination of the hook¬ 
worms would bring about rapid relief of the anemia in the majority of 
instances. The present observations exhibit a striking contrast to 
their conclusions. Twelve patients were kept in hospital upon the 
basal diet referred to above, and no form of therapy was given for the 
anemia. The parasites were removed with hexylresorcinol (14) and 
counted. From each of 4 patients over 1000 worms were recovered; 
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A, Hookworms removed 

1. Diet unchanged 0-0 

2. High protein diet A - A 

3. Diet unchanged □ - □ 

and iron 


B, Hookworms not removed 

1. Diet unchanged • • 

2. High protein diet A - A 

3. Diet unchanged ■ - ■ 

and iron 



Fig. 3. Comparison of the effects of the removal of the parasites, of improved 
diets, and of therapy with iron. Results of observations in the field at Cidra on 
the average hemoglobin production in 6 groups of patients. The 32 patients were 
divided into two main groups, A and J5, with three subgroups each, 1, 2, and 3, 
respectively. The 16 patients of group A (open symbols) had the hookworms 
removed before the beginning of the experimental period (vertical line in figure). 
The 16 patients of group B (solid symbols) received no treatment for hookworms. 
The patients of groups A-\ and BA (circles) had no change in diet. The patients 
of groups A-2 and B-2 (triangles) were given as an addition to their usual diet 300 
gm. of meat and 1500 cc. of milk daily. The patients of groups ^4-3 and 5-3 
(squares) had no change in diet, but received daily 6 gm. of ferric ammonium 
citrate. Note the positive effects of iron in groups ^4-3 and 5-3 in contrast to the 
negative or slight effects of removal of the hookworms or improvgnent of the diet. 


from 8 others from 40 to 724. During periods of time as long as 28 
days after the first treatment for hookworms, no significant effects 
upon reticulocyte, red blood cell, or hemoglobin values were produced. 
During 6 weeks the average gain in red blood cells of 7 patients was 
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0.49 million per cubic millimeter and in hemoglobin was 3 per cent. 
In figure 2 are shown the essentially negative effects upon the hemo¬ 
globin production of the removal of the hookworms in 2 patients of 
this series. Slight effects upon hemoglobin production and consider¬ 
able increases of red blood cells during periods of as long as 90 days 
were noted in similar observations upon 6 patients in the field (see figure 
3). The clinical improvement was, however, no greater than the 
slight effect upon hemoglobin production. 

The best criterion of increased bone marrow activity is probably 
yielded by observations of the course of the reticulocytes (4) (5). For 
example, it is p>ossible to demonstrate that in the anemia of malarial 
infection there is, as with other types of infection associated with 
fever, an inhibition of bone marrow function. Shortly after the 
abolition of the fever with quinine an increase of the reticulocytes in 
the peripheral circulation takes place. In none of the 12 patients 
with anemia associated with hookworm infection did the removal of 
the parasites have any effect upon reticulocyte production. In figure 
4 is illustrated the contrast in this respect between the typical effects 
of removing the parasites in a patient with malaria and in a patient 
with hookworm infection. Both patients were severely anemic. The 
absence of any increase of reticulocytes after the removal of the hook¬ 
worms affords no evidence for a dominant inhibitory effect of the 
parasites on the bone marrow function. The fact that removal of 
the hookworms produced slight effects upon hemoglobin production 
and considerable increases of red blood cells during prolonged periods 
is not necessarily evidence of increased activity on the part of the bone 
marrow. Precisely such a result would occur if the amount of blood 
loss were diminished. 

The effect of hematopoietic substances on blood production without 
removal of the hookworms Although Ashford, King, and Igaravidez 
(7) did not consider therapy with iron of any particular importance 
compared to the elimination of the hookworms in the relief of the 
anemia in Puerto Rico, a careful scrutiny of the protocols of their 
observations suggests that the iron administered, in many instances, 
was of importance in bringing about the rapid improvement observed. 
This interpretation finds support in the observations of others (8) (13, 
IS, 16), as well as in our experience. The effect was observed of the 
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daily oral administration of 6 grams of ferric ammonimn citrate to 
each of 27 patients whose hookworm burden had not been removed. 
No changes in diet were made. Increases of reticulocytes and of red 
blood cells and hemoglobin promptly appeared. By plotting upon 



Fig. 4. Comparison of the effects upon hematoptoiesis of the removal of the 
parasites in a patient with anemia associated with malarial infection (solid dots), 
and in a patient with anemia associated with hookworm infection (open dots). 
After abolition of the parasites, note the increase of reticulocytes in malaria, and 
the absence of such effect in hookworm disease. Note also the rapid improvement 
of the blood values in the anemia of malaria, and the absence of improvement in 
the anemia of hookworm disease. 

coordinate paper, against days, the actual determinations of the hemo¬ 
globin percentages made in each case, the values for each patient at 
10-day intervals were read off and are shown in table 1. The average 
increase of hemoglobin during the first 30 days in these 27 patients 
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TABLE 1 

Effect upon Hemoglobin Production of the Daily Administration of 6 Grams of 
Ferric Ammonium Citrate 


Hookworms not removed 


Hemoglobin percentages at 10-day intervals 


^.asc 

number 

0 

days 

10 

days 

20 

days 

30 

days 

40 

da3rs 

50 

days 

60 

days 

4 

35 

38 

48 

55 

63 

68 


5 

44 

48 

58 

68 

71 



7 

44 

55 

64 

70 

76 

83 

85 

8 

34 

40 

57 

63 

72 

75 

83 

11 

21 

40 

52 

57 

61 

66 

70 

16 

22 

44 

54 

64 

68 

70 

72 

23 

25 

37 

46 

53 




24 

44 

57 

66 

76 




34 

43 

53 






37 

18 

34 

41 

50 

49 

52 


38 

42 

49 

57 

64 

72 

77 


39 

17 

20 

26 

32 

35 

41 

44 

41 

36 

42 

52 

56 




42 

25 

33 

43 

55 

61 

67 

69 

43 

35 

40 

42 





46 

41 

SO 

59 

65 

69 

71 

73 

47 

26 

47 

56 





48 

30 

40 






56 

40 

50 

62 

68 

72 



66 

40 

51 

58 

62 

70 

78 

80 

69 

35 

45 

52 

59 

64 

68 

70 

71 

41 

50 

55 





72 

22 

30 

41 

50 




73 

36 

50 






74 

34 

41 

51 

56 




76 

45 

58 

63 





80 

41 

52 

66 

62 

70 



Averages.... 

34 

44 

53 

59 

65 

68 

72 


Hookworms previously removed 


13 

52 

59 

60 

63 

67 

40 

27 

33 

22 

36 

38 

ijK m 

54 

47 

59 

52 

68 

60 

70 

66 

80 

71 


Averages.... 

33 

43 

53 

64 

68 

76 
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was 25 per cent. In 6 patients who had previously had their hook¬ 
worm burden removed, the administration of similar doses of iron 
produced an increase of 31 per cent of hemoglobin during the first 30 
days (see table 1). Similar observations were made in the course of 
the field observations. In S patients, whose hookworm burden was 
removed, during the first 30 days of treatment with iron the average 
gain in hemoglobin (35 per cent) was slightly less than the average 
gain in hemoglobin (38 per cent) of 7 patients who had received no 
treatment for the parasite. During the first 60 days of therapy with 
iron each group gained 44 per cent of hemoglobin (see figure 3). The 
clinical improvement corresponded to the rapid increase in hemoglobin 
whether the parasites were present or not. 

Cohn, Minot, and their collaborators (17) prepared certain frac¬ 
tions of liver in developing an effective substance for the treatment of 
pernicious anemia. Certain commercial preparations of these frac¬ 
tions were administered to suitable patients with hookworm anemia 
under controlled conditions in the hospital. Sudrez (18) has described 
the effectiveness of an aqueous extract of liver in the treatment of the 
anemia of hookworm disease. The amount of this material. Liver 
Extract E“29,* derived from 340 grams of liver, was given daily to each 
of 15 of our patients. The average increase in hemoglobin in 30 days 
was only 13 per cent compared with 25 per cent in the group of patients 
receiving 6 grams of ferric ammonium citrate daily. The sub-fraction 
of liver which is insoluble in 70 per cent alcohol (19) is commercially 
available in dry form as Liver Extract no. 55, except that in this par¬ 
ticular preparation approximately 0.5 gram of ferric ammonium 
citrate is added to the amount of extract derived from 100 grams of 
liver. This material, prepared without the added iron,t was adminis¬ 
tered to 7 patients in daily doses of the material derived from 400 
grams of liver. Moderate effects upon hematopoiesis were observed 
in 4 patients and no significant effects in 3 others. After the discon¬ 
tinuation of this liver extract, a daily dose of 2 grams of ferric am¬ 
monium citrate was given. This dose corresponds to the amount of 
iron added in the commercial preparation of Liver Extract no. 55 to the 
amount of liver extract derived from 400 grams of liver. Secondary 

* Kindly supplied by Valentine^s Meat Juice Company. 

t Kindly supplied without added iron by Eli Lilly and Company. 
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increases of reticulocytes were observed in all instances, indicating the 
greater potency of the iron salt. Liver Extract no. 343,* represents a 
commercial preparation of the sub-fraction of liver which is soluble in 
70 per cent but insoluble in 95 per cent alcohol by volume. Orally 
administered in daily doses of the amount derived from 300 grams of 
liver (20) and intramuscularly administered in daily doses derived from 
10 grams of liver (21), it is highly potent in pernicious anemia. Such 
dosages, however, were quite without effect in the hypochromic anemia 
of hookworm disease when tested upon 11 patients. 

The basal diet of 8 patients in the hospital was increased by the 
daily addition of 1500 cc. of milk and 300 grams of lean beef, which 
would presumably yield an excellent supply of animal protein, would 
provide certain vitamins, and would serve as sources of organic iron 
and calcium. Within periods of time varying from 14 to 18 days, no 
significant effect upon reticulocyte production, hemoglobin, or red 
blood cell values was produced. The negative effect of the adminis¬ 
tration of the improved diet, contrasted with the positive effect of iron 
upon reticulocyte and hemoglobin production in 2 of these patients, 
is graphically presented in figure 5. Similar negative results from 
improved diets during longer periods were observed under field con¬ 
ditions (see figure 3). 

DISCUSSION 

It is clear that in the anemia of hookworm disease the morphology 
of the blood picture and of the bone marrow, as well as the response to 
hematopoietic materials, does not differ from that of types of hypo¬ 
chromic anemia unassociated with hookworm infection. It is, of 
course, conceivable but imlikely that such similarities could be pre¬ 
sented by an anemia produced in some incomprehensible way solely 
by the parasites. However, the effect of the hookworms could under¬ 
standably be that of a hemolytic process (22), of a toxic process in¬ 
hibiting the bone marrow (23), or of a process leading to blood loss 
(24). Clearly the morphological characteristics of the blood picture 
and bone marrow are not those of a hemolytic process, such as is illus¬ 
trated by chronic hemolytic jaundice, in which increased numbers of 
reticulocytes and increased serum color are constantly present. 

* Kindly supplied by Eli Lilly and Company. 
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Ftillebom (23) states that the hookworm secretes a substance which 
has a toxic effect on the bone marrow. If the presence ot the hook¬ 
worms has a dominant effect in depressing bone marrow activity, the 
removal of the parasites should produce strikingly increased blood 
regeneration, and the presence of the parasites should inhibit the in¬ 
fluence of agents capable of promoting blood formation. The obser¬ 
vations reported above yield no evidence for either of these two effects. 

It remains to consider chronic blood loss which, in animals and in 
man (24), may result in hypochromic anemia with exactly the char- 



Fig. S. The negative effect upon hemoglobin and reticulocyte production of the 
daily addition of 300 grams of meat and of 1500 cc. of milk to the basal diet, 
contrasted with the positive effect of the daily addition of 6 grams of ferric am¬ 
monium citrate to the basal diet. The results are shown in 2 patients (open dots 
and solid dots). No therapy for hookworms was given. 

acteristics which we have observed in the anemia of hookworm disease. 
This explanation of the influence of the hookworms correlates per¬ 
fectly with known facts and readily explains the resemblances of the 
blood picture and bone marrow to those of other types of hypochromic 
anemia not associated with hookworms. From direct observations of 
the hookworms of dogs. Wells (25) estimated that in 24 hours 100 hook¬ 
worms removed 84 cc. of blood. Bass (26) states that tests of the 
feces of patients for occult blood are nearly always positive even in mild 
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or moderate infections with hookworms. We observed hematopoietic 
effects from injected erythrocytes in 2 patients. Blood loss alone, 
however, cannot be the whole explanation of the production of the 
anemia, since there is no consistent parallellism between the number 
of parasites and the degree of the anemia in our experience and in that 
of others (9, 10). It is, therefore, logical to look for the influence of 
other factors common in producing hyjx>chromic anemia not associated 
with hookworm disease. 

The work of several observers (27, 28, 29) demonstrates that h)rpo- 
chromic anemia in the temperate zone is due mainly to a lack of 
available iron in the body, resulting in a failure of the bone marrow 
to produce adequate amounts of red blood cells and hemoglobin. It 
has been demonstrated that the amount of hematopoietic substances, 
including iron, may become reduced in the body from chronic blood 
loss (24), from a lowered iron intake in the diet (30), or because absorp¬ 
tion of iron from the intestinal tract is inadequate (31) (32). A care¬ 
ful study of the diet history of 56 of our patients bears out the belief 
of Suirez (11) that there is a relationship between defective nutrition 
and the anemia of hookworm disease in Puerto Rico. The exact 
relationship of the dietary defects is, however, not entirely clear since, 
in Puerto Rican diets, there are apparently good sources of iron due to 
the presence of large amounts of peas and beans. On the other hand, 
the typical diets are decidedly deficient in other food substances of 
importance in the production of hemoglobin (33) and are generally 
deficient in animal protein, minerals, and in vitamins A, B, and D. 

The relationship of altered gastrointestinal function to hypochromic 
anemia has been emphasized by the work of various authors. Glossitis 
(34, 35), gastric anacidity (31), and diarrhea (32) are commonly asso¬ 
ciated with cases of hypochromic anemia and have been shown to have 
an etiological bearing. Ashford and his colleagues (7) mentioned loss 
of papillae of the tongue and the common occurrence of digestive 
symptoms in sufferers from hookworm anemia. Hypoacidity was 
present in about 20 per cent, and anacidity in about 24 per cent of our 
patients. Of 47 patients, 8 gave a history or showed signs of glossitis 
and 24 had had moderately severe diarrhea on certain occasions pre¬ 
ceding the present illness. Rotter (36) has described morphological 
changes in the intestinal tract of patients with hookworm disease. 
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In the light of observations of McCarrison (37) and others (38) (39), 
it is probable that defective nutrition may be responsible for morpho¬ 
logical changes in the intestinal tract, productive not only of symptoms 
but also of difficulty with the assimilation of elements directly essential 
for hematopoiesis. Such a supposition is clearly necessary in compre¬ 
hending the etiology of certain cases of hypochromic anemia not asso¬ 
ciated with hookworm infection, for the oral dosage of iron salts needed 
to produce a given hematopoietic effect varies as does the oral dosage 
of liver extract in different patients with pernicious anemia or sprue. 
In varying degrees in different patients the factors of food deficiency, 
gastrointestinal changes, and blood loss may obviously contribute to 
the production of the type of hypochromic anemia associated with 
hookworm infection no less than when hookworms are not present. 
No evidence was produced by our studies for any effect of the hook¬ 
worms other than that of blood loss. 

The observation was repeatedly made that the removal of the para¬ 
sites resulted in little improvement of the hemoglobin level or of the 
clinical condition of the patients, sometimes over periods of as long as 
90 days. On the other hand, without removal of the parasites, prompt 
improvement of the blood values and of the clinical condition invari¬ 
ably resulted from the administration of iron salts without change in 
the diet. The importance of measures directed against the parasite is 
not to be deprecated, but the possibility of a quick return to better 
health and economic usefulness should aid in securing cooperation in 
such prophylactic measures as the wearing of shoes, the erection of 
adequate latrines, and the use of better foods. 

Since the presence of the worms without anemia is not necessarily 
detrimental to health, it should be possible to employ iron salts as a 
prophylactic, either alone or preferably in combination with anthel¬ 
mintics. The cost of the treatment necessary to relieve the anemia is 
astonishingly low. The daily dosage of ferric ammonium citrate for 
adults should be at least 4, preferably 6 grams a day for maximum 
effects. The full amounts should not be given at first, and later only 
in divided doses after meals. In children smaller doses are desirable. 
Undoubtedly the prophylactic doses of iron need not be so large or 
could be administered at greater intervals of time. Observations on 
this point should be of great practical value. Other preparations of 
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iron arc satisfactory for routine use in correspondingly large dosage. 
As with other types of hypochromic anemia associated with changes in 
the gastrointestinal tract, it is probably essential in many instances to 
continue the administration of iron after the patient has been returned 
to health, even though the parasites have been eliminated. Since the 
effect of the liver fractions tested was found to be inferior to that of iron 
salts, and their cost far greater, liver extracts offer no advantages over 
iron in the treatment of this type of hypochromic anemia. As the 
symptomatology of hookworm infection is predominantly that of 
anemia, the primary importance and simplicity of dealing directly with 
the anemia should be manifest. 

CONCLUSIONS 

1. The hypochromic anemia of hookworm disease in Puerto Rico is 
apparently caused by a combination of blood loss, dietary deficiency, 
and gastrointestinal changes probably resulting from defective nutri¬ 
tion. 

2. The removal of the hookworms without other therapy had very 
little effect upon anemia or clinical condition. 

3. With or without removal of the hookworms the administration of 
large doses of iron produced rapid improvement of blood values and 
clinical conditions. 

4. The advantages of direct treatment of the anemia with iron are 
indicated. 
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THE MATERNAL TRANSMISSION OF VACCINIAL 
IMMUNITY IN SWINE 

II. The Duration of Active Immunity in the Sow and of Passive 
Immunity in the Young 


By JOHN B. NELSON, Pa.D. 

(From the Department of Animal and Plant Pathology of The Rockefeller Institute for 
Medical Research, Princeton, N. J.) 

(Received for publication, June 21,1934) 

Observations on the maternal transmission of immunity to a filter¬ 
able virus, namely vaccinia virus in swine, were reported in a preceding 
paper.‘ It was found that pigs which had received colostrum from 
their vaccinated dams were generally refractory to vaccination during 
the early days of life, whereas their litter mates which had been raised 
without colostrum regularly responded to vaccination with a typical 
cutaneous reaction. It was concluded that the porcine placenta is 
impermeable to any appreciable amount of the protective substance 
elicited as the result of vaccination and that the colostrum functions 
as the vehicle for its transport to the young. 

The present report is concerned with 3 additional phases of the 
transmission of vaccinial immunity in swine, (1) the duration of 
maternal transfer; (2) the duration of immunity acquired by the suck¬ 
ling young, and (3) the effect of early vaccination on the persistence 

of this immunity. 


The Duration of Maternal Transfer 


Two imm une sows which had originally been vaccinated in the late 
fall of 1930 were followed through 6 successive farrowings with the 
view of determining how long they would continue to transmit pro¬ 
tective substances to their nursing young. 


Suckling pigs from each of the 
during the 1st or 2nd week of life. 


6 litters farrowed by the 2 sows were vaccinated 
The test pigs were chosen at random and were 


‘ Nelson, J. B., /. Exp. Med., 1932, 66,835. 
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believed to be representative of the several litters. The vaccinia virus* was 
rubbed into parallel scratches made in the skin over the inner surface of the dank. 
The vaccinated pigs were subsequently kept under observation for a period of 
10 to 14 days and during this period they continued to nurse their respective 
dams. 

I 

The results of the vaccination tests on the suckling young from the 2 
immune sows, together with the size of the litters and the dates of 


TABLE I 

The Reaction of the Suckling Young from 6 Successive Litters to Vaccination 


Litter No. 

Sow No.* 

Date of farrowing 

No. of pigs 

No. of 

suckling pin 
vaccinated 

No. of 
reactors 

1 

1 

Apr. 

6, 1931 

7 

3 

0 


2 

May 

1,1931 

9 

3 

0 

2 

1 

Oct. 

1,1931 

6 

3 

0 


2 

Oct. 

18, 1931 

8 

4 

0 

3 

1 

Mar. 

20,1932 

6 

3 

0 


2 

Apr. 

14,1932 

12 

3 

0 

4 

1 

Sept. 

9,1932 

6 

3 

0 


2 

Oct. 

10,1932 

12 

4 

0 

5 

1 

Mar. 

8,1933 

4 

2 

0 


2 

Apr. 

28, 1933 

10 

4 

0 

6 

1 

Sept. 

5,1933 

7 

4 

0 


2 

Oct. 

11, 1933 

6 

3 

0 


• The sows were vaccinated in the late fall of 1930. 


farrowing are presented in Table I. The pigs from each pair of the 6 
litters were uniformly refractory to vaccinia, there being no response 
to the cutaneously introduced virus in any case. In addition to the 
young which were tested during the 1st or 2nd week of life a total of 13 
pigs, from various litters, were vaccinated at a later time. These pigs 
likewise failed to show a cutaneous reaction. The suckling young of 

* The vaccinia virus employed in vaccination was obtained from the Laborato¬ 
ries of the New York City Department of Health through the courtesy of Dr. 
W. H. Park. 













JOHN B. NELSON 


477 


non-vaccinated sows, which were tested at intervals as a control on 
the potency of the vaccinia virus, invariably developed vesicles at the 
site of vaccination. 

The Duration of the Immunity Acquired by the Suckling Young 

With a few exceptions the pigs from the 2 vaccinated sows were 
allowed to nurse until about the 6th week when they were weaned. 
In order to determine the approximate duration of the immunity 
acquired by suckling, representatives from most of the litters were 
removed at different age intervals and vaccinated. 

The results of this experiment are summarized in Table II. Thir¬ 
teen suckling pigs vaccinated 4 to 5 weeks after birth showed no 
reaction. Three of 13 weaned pigs vaccinated 8 to 9 weeks after 


TABLE II 

The Duration of Vaccinidl Immunity in the Suckling Young of Immune Sows 



4-5 wks. 

8-9 wks. 

12-13 wks. 

No. tested. 

13 

13 

19 

No, of reactors. 

0 

10 papular 

14 vesicular 


5 papular 


birth likewise failed to react. Ten of the individuals in this group, 
however, developed small papules. These were generally discrete, 
showed little or no color, and usually began to retrogress on the 2nd 
or 3rd day after they appeared. There was little or no scab formation. 
This is referred to as a papular reaction in Table II and is regarded 
as suggestive of a declining immunity. Five of the 19 pigs vac¬ 
cinated after 12 to 13 weeks also showed a papular reaction. In the 
remaining 14 pigs of this group vaccination was attended by vesicle 
formation. The vesicles were usuallv somewhat smaller than those 
in fully susceptible control pigs and were more commonly discrete. 
It is believed, however, that the reaction is sufficiently typical to be 
indicative of a return to nearly complete susceptibility. 

The Effect of Early Vaccination on the Persistence of Suckling Immunity 

It was considered of interest to determine whether or not the vac¬ 
cinia virus which was introduced cutaneously in the nursing pigs 
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during the first few days of life exerted any immunizing effect in the 
absence of a visible local reaction. Was the transient immunity ac¬ 
quired by suckling converted thereby into one of long duration? To 
answer this question suckling pigs which had been vaccinated, without 
take, shortly after birth were revaccinkted 12 to 13 weeks later and their 
response compared with that in litter mates which had also nursed 
but had not been previously vaccinated. 

The results of the tests on 9 pairs of pigs from 6 different litters 
are presented in Table III. In eight cases the paired pigs showed 
practically identical reactions. In one instance only, Pair 5, was a 


TABLE III 

The Response of Vaccinated and Unvaccinated Litter Mates to Vaccination during the 

12th to 13th Week of Life 


No. 

Type of reaction 

Vaccinated young 

Unvaccinated young 

1 

Vesicular 

Vesicular 

2 


<( 

3 

Papular 

Papular 

4 

Vesicular 

Vesicular 

5 

Papular 

<( 

6 

Vesicular 

(( 

7 

<( 

it 

8 

« 

it 

9 

Papular 

Papular 


difference in the degree of susceptibility indicated. The previously 
vaccinated pig in this case showed a papular reaction while its unvac¬ 
cinated litter mate responded with the formation of vesicles. 

DISCUSSION 

Since there is no reason to believe that the suckling pigs which were 
tested were different in any respect from their unvaccinated litter 
mates, it can be assumed that their immune dams produced and 
transported in their colostrum, during the 3 year period of observa¬ 
tion, a sufficient amount of protective substance to afford immunity 
in the one case to 37 and the other to 57 young. These figures repre¬ 
sent the total number of pigs farrowed by each of the 2 sows, re¬ 
spectively. 
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It appears evident that the immune mechanism of the vaccinated 
sow is able to compensate repeatedly for the amount of protective 
substance which is lost with each parturition. The actual concentra¬ 
tion which is lost in this way must be considerable since protection 
may be afforded to as many as 12 individuals at the termination of a 
single pregnancy. 

The immunity acquired by the nursing pigs was clearly passive. 
In most instances complete protection was afforded only during the 
first 4 or 5 weeks after birth, at least in so far as the concentration of 
virus employed in vaccination was concerned. The immunity began 
to decline during the 2nd month and by the end of the 3rd month approxi¬ 
mately 75 per cent of the pigs were again susceptible. There was no 
indication that the decline in protection was any more rapid with the 
pigs of the 6th litters than with those of the earlier ones. The dura¬ 
tion of the suckling immunity was not significantly prolonged by the 
virus which was cutaneously introduced, without reaction, during the 
early days of life. 


SUMMARY 

The protective substances produced by vaccinia virus in swine are 
transmitted repeatedly to the young by way of the colostrum of the 
sow. In 2 instances suckling immunity was demonstrable in the 
young of 6 successive farrowings which numbered 37 and 57 indi¬ 
viduals, respectively. 

The immunity acquired by suckling began to decline during the 2nd 
month and was practically negligible by the end of the 3rd month. 
Vaccinia virus introduced cutaneously during the first few days of life 
in the passively protected pigs exerted little or no inununizing effect. 




[Reprinted from The Journal op Biological Chebcstry, September, 1934, 
VoL 106, No. 2, pp. 729-733] 


THE DIFFERENTIATION OF TRYPSINS BY MEANS 
OF THE ANAPHYLACTIC TEST 

By carl TENBROECK 

(From the Department of Animal and Plant Pathology of The Rockefeller 
Institute for Medical Research, Princeton, N. J.) 

(Received for publication. May 25, 1934) 

Kunitz and Northrop (1) have recently rejjorted the crystal¬ 
lization of chymotr 3 rpsinogen and chymotrypsin and have shown 
that the latter differs from the trypsin that they had studied 
previously. The present work was undertaken to determine 
whether these substances could be differentiated by immunological 
reactions. Trypsin from the pig and cow as well as chymo- 
trypsinogen and chymotrypsin from the cow were used. 

The studies on the antigenic nature of enzymes made before 
these substances were purified by crystallization are all open to 
question, for it is impossible to determine whether the reactions 
obtained were due to the enzymes as such or to the proteins with 
which they were associated. Northrop (2) found that the serum 
of a rabbit immunized to crystalline pepsin precipitated this 
enzyme when it was diluted to 1:2000. This immune serum had a 
greater antipeptic action than did the serum from a normal rabbit 
or from a rabbit immunized to the pepsin denatured by heat. 
Sumner and Kirk (3) have shown that their crystalline urease was 
antigenic, for they produced in rabbits an antiurease that in 
vitro and in vivo neutralized the action of the enzyme. Bark (4) 
was also able to cause the production of a precipitin that he has 
used in purifying urease. Kirk and Sumner (5) were unable to 
differentiate by the precipitin or the antiurease reaction the urease 
obtained from the soy or jack bean. 

The essential part of this work, namely the preparation of the 
enzyme solutions, was done by Drs. Northrop and Kimitz. The 
enzymes have been recrystallized at least five times and were kept 
in concentrated, slightly acid solution in the cold. Fresh dilu¬ 
tions of known concentration were prepared for each test. 
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DIFFERENTIATION OF TRYPSINS 


The anaphylactic test rather than the less sensitive precipitin 
reaction was used in the major portion of the tests for differenti¬ 
ation since the enzymes may be very closely related. 

Sensitization of Guinea Pigs—F.^male guinea pigs weighing 
about 125 gm. were given subcutaneous injections of 0.5 cc. of 
either 0.5 or 1 per cent solution of the enzymes. Injection of 
chymotrypsinogen produced no visible effect, but the animals 
receiving the trypsin and the chymotrypsin showed necrotic areas 
at the site of inoculation and several died. It was our impression 
that the chymotrypsin was more toxic than the trypsin. 

Tablb I 

Results of Tests for Sensitiveness of Uteri of Guinea Pigs Receiving Pig 

Trypsin 

In this and in Tables II to IV L and R indicate left and right horns of 
the uterus. A « first test; B, second; etc. Figures are the concentration 
of the enzymes in the bath in mg. of protein per ml. + or — indicates 
contraction or failure to contract. 


Guinea pig 

Reaction to 

No. 

Pig trypsin 

Beef trypsin 

Chymotrypsin 

1 

RB 10-« - 
RC 10-» + 

LA 10-‘ - 
LB 10-» + 

RA 10-» - 


2 

LB 10-» + 

RB 10-* + 

LA 10-» - 

RA 10-» - 


One guinea pig was not sensitive. 


Tests for Sensitization —Between 15 and 20 days after the first 
injection, the uteri of these guinea pigs were tested by means of 
the Dale technique (6). Two baths were used and the two horns 
of the uterus were tested, one after the other. The capacity of 
each bath was 75 cc., and 0.75 cc. of the enzyme solution was 
added for each test. 

The results of the tests are given in Tables I to IV. Not all of 
the animals were sensitized, and in some cases there were cross¬ 
reactions, particularly between the chymotrypsin and chymo¬ 
trypsinogen. The results were, however, sufficiently clear cut 
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to show that all four of these enzymes can be differentiated by 
this reaction. 

Tests for Precipitin The undiluted serum from a rabbit that 
had received repeated injections of chymotrypsin was layered 
under dilutions of this enzyme. In 1 per cent and 0.5 per cent 

Table II 

Results of Tests for Sensitiveness of Uteri of Guinea Pigs Receiving 

Beef Trypsin 


See Table I for explanation of symbols. 


Guinea 

Reaction to 

pig No. 






Beef trypsin 

Pig trypsin 

Chymotrypsin 

Chymotrypainogen 

3 

LA 10"« - 





LB 10-« + 





RB 10“» -f 

RA 10-« - 



4 

LB 10-> + 

LA 10-> - 




RA 10-‘ + 

R«.*B 10-» ? 



5 

L^B 10-> 7 

LA 10-» ? 




RB 10-5 + 


RA 10-* - 


6 , 

LC 10-^ + 

LA 10-» - 


LB 10-5 - 


RB 10-‘ + 


RA 10-5 - 


7 

LB 10-* + 


LA 10-* -- 



RB 10-* 4- 

> 

o 

1 

M 

1 



8 

LB 10-^ 4- 


LA 10-5 - 



RB 10-* 4- 



RA 10-* - 

9 

LC 10-^ + 


LA 10-* ? 





L«B 10-5 - 



RB 10-* + 


RA 10-5 ~ 


10 

LB 10-5 4- 



LA 10-5 - 


RB 10-5 + 


> 

o 

1 

M 

1 


11 

LB 10-5 4- 



LA 10-5 - 


RB 10-5 4- 


1 

M 

1 

o 



Three guinea pigs were not sensitive to the trypsin solution. 

* " indicates that the horn was washed and allowed to relax before 


testing. 

solutions of the enzyme there were definite ring formations, and 
after the serum and enzyme were mixed, definite turbidity and 
precipitate. In solutions of 0.25 and 0.125 per cent there were 
questionable rings, but after mixing no turbidity nor precipitate 
could be detected. The sera of two rabbits that had received 
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DIFFERENTIATION OF TRYPSINS 


Tablb III 

Results of Tests for Sensitiveness of Uteri of Guinea Pigs Receiving 
Chymotrypsinogen 


See Table I for explanation of symbols. 


Guinea pig 

Reaction to 

No. 





Chymotrypsinogen 

Ch 3 anotrypsin 

Beef trypsin 

12 

LB 10-* + 

LA 10-‘ - 



RB 10-“«=fc 


RA 10-» - 

13 

LB 10“» ? 

LA 10-‘ - 



RA 10-* + 



14 

LB 10-« + 

LA 10-‘ - 



RB 10“* + 

RA 10-‘ - 


15 

LA 10-‘ - 




LB 10-< + 




RB 10-* + 

RA 10-» - 


16 

LB 10-* + 

LA 10-» - 




RA 10-» - 


17 

LB 10-* + 

LA 10-» - 



R“B 10-» d: 

RA 10-» - 


18 

LA 10-« + 




RD 10-‘ - 

RA 10-« - 



RE 10-* + 

RB 10-» - 




RC 10-« - 


19 

L-B 10-* + 

LA 10-» - 



Two guinea pigs were not sensitive and four gave reactions with chymo- 
trypsin as well as chymotrypsinogen. 


Table IV 

Results of Tests for Sensitiveness of Uteri of Guinea Pigs Receiving 

Chymotrypsin 


See Table I for explanation of symbols. 


Guinea pig No. 

Reaction to 

Chymotrypsin 

Chymotrypsinogen 

20 

LA 10-» + 



RC 10-* + 

RA 10-* - 



RB 10-* - 

21 

LA 10-* + 




RA 10-* - 


Two guinea pigs were not sensitive. 
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repeated injections of chymotrypsinogen failed to cause rings or 
precipitate when the undiluted serum was mixed with solutions 
of the enzyme of 1 per cent and higher. None of these sera when 
injected into guinea pigs sensitized these animals passively to the 
enzyme. These experiments indicate that precipitins are not 
easily formed by these enzymes when they are injected into 
rabbits. 

SUMMARY 

It has been shown that trypsin from swine and cattle as well as 
chymotrypsin and chymotrypsinogen, crystallized by Northrop 
and Kunitz, will act as antigens in that they will actively sensitize 
guinea pigs. It has been further shown that these four substances 
can be differentiated, one from the other, by the anaphylactic test. 
In a limited number of experiments it was shown that precipitins 
are not readily formed when chymotrypsin and chymotrypsinogen 
are injected into rabbits. 
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Throughout the progress of “jaundice” disease in silkworms large 
numbers of large inclusions (3-5 y. in dia.) termed polyhedral bodies 
or polyhedra are formed within the nuclei of certain tissue cells. 
These inclusions, their origin, and some of their properties have been 
described elsewhere (1). During the later stages of the disease the 
tissues disintegrate and liberated polyhedral bodies are found in the 
blood stream to the number of about a million and a half per 0.01 cc. 
These inclusions settle in water, so that by washing and centrifuging, 
several grams of them, in a partial state of purity, can be obtained 
from diseased cases. It was found that the polyhedra are nucleo- 
protein in nature (2), and that they do not harbor any constant or¬ 
ganized elements in the morphological sense. Disease can be initiated 
in their absence (1, 3, 4), by separating them from the active principle 
by filtration or centrifugation. Bc( ause of this fact, the polyhedral 
bodies have been regarded by us as products of a specific disturbed 
metabolism; of diagnostic value, but of no etiological importance. 

Except during the last stages of the disease, blood from jaundiced 
worms can be readily obtained under bacteriologically sterile condi¬ 
tions and it is a better source than excised tissues or emulsified cadavers. 
Extracts prepared from the latter must be sterilized by filtration and 
this at once introduces an uncertain factor. By the use of fresh 
diseased blood, however, a measurable quantity of infectious material 
may be removed and ampuled. Such blood contains the etiological 
agent of “jaundice,” pathological blood cells, some cellular debris, and 
many polyhedral bodies, and it is highly infectious to normal silk¬ 
worms. Our work (1) and that of Paillot (4) showed that when fresh 
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blood from jaundiced cases is immediately diluted* and centrifuged or 
passed through Berkefeld candles to free it of polyhedral bodies, the 
resulting fluid is still infectious. Paillot further showed that blood 
from diseased worms is infectious long before the blood cells or plasma 
show evidence of the presence of polyhedra. 

Notwithstanding the fact that a large amount of free virus exists 
in jaundiced worms, the suggestion presented itself that virus might 
also be adsorbed to or enclosed within the inclusions. Aoki and Chi- 
gasaki (5) shook and centrifuged the polyhedral bodies from jaundice 
in silkworms more than ten times in physiological salt solution and 
found that when so treated the inclusions were just as infectious on 
inoculation as the unwashed bodies. In 1927 we repeated this experi¬ 
ment and washed and centrifuged the polyhedra twenty-two times but 
failed to obtain jaundice in silkworms. This result has since been 
duplicated on a number of occasions and it is difficult to interpret. 
However, these preliminary experiments are not sufficient because the 
wash water was not tested and we had no measure of the activity of 
the virus which was presumably washed away. The present work, 
performed during three summer seasons, is an extension of the attempt 
to obtain the inclusions free from active jaundice virus. 

General Methods 

Virus blood ampuled and held at refrigerator temperature (0°-4'’C.) 
for one year lost its infectivity only to a slight degree, and full activity 
was again restored after a single passage. The infectious material for 
these experiments was blood removed under sterile conditions from 
diseased silkworms after three or four serial passages of the virus 
through the worms. 

For infections with blood or with washed and resuspended inclu¬ 
sion bodies 0.01 cc. of each dilution or suspension in waterf was caught 
off the end of a 0.1 cc. serological pipette by means of a sterile and 
sharply pointed, standardized capillary tube. Each amount so caught 
was considered as an infective dose. The capillary tubes containing 
the 0.01 cc. amounts were sealed and put aside for a short interval until 

In work with small animak the blood must often be diluted to create a work¬ 
able volume. 

t Silkworms will not accept liquids containing detectable amounts of salt. 
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used. Washed or otherwise treated inclusion bodies were always 
handled in lots of 0.1 cc. of sediment and calibrated, prior to infection, 
in such wise that the dose of 0.01 cc. contained zfc 100,000 inclusions. 
In order to accomplish this the number of bodies in samples of 0.01 cc. 
were always counted after the manner of making blood cell counts 
and adjusted to zh 100,000 per 0.01 cc. by proper dilution. 

The silkworms used for experimentation were always of constant 
age (fourth stage) bred from an entirely healthy stock gradually 
produced during the past years. It is recognized that it is extremely 
difficult to rear large numbers of these insects disease-free, but by 
rigorous isolation and by using great precautions, the writers have 
succeeded in obtaining a thoroughly dependable stock of animals. 
When worms were needed, the desired number were segregated from 
the stock and each isolated in a sterile half-pint milk bottle covered 
with a paper cap. Food was withheld for 24 hours prior to infection. 
After this period each animal was restrained ventral side up and the 
infective dose held in the capillary tubes was gradually administered 
per os. By expelling minute amounts at a time from the pipettes 
and placing them upon the mouth parts, the fasted silkworms drank 
the entire 0.01 cc. doses in one or two minutes. When the heads were 
retracted in moulting, the silkworms could not drink, and a few re¬ 
sisted; these were discarded and replaced by more tractable individ¬ 
uals. After infection the worms again received their daily ration of 
mulberry leaves. 

Uninfected silkworms in numbers equal to the infected animals were 
always held in the same room and in no case was any cross infection 
to the controls noted. 

Removal of the Active Principle from the Blood by the Inclusions 

Preliminary experiments showed that when infectious blood was 
permitted to stand vertically in the ampules the top layer lost its activ¬ 
ity, whereas the bottom fraction containing the settled polyhedral 
bodies was highly infectious. Two more experiments were instituted 
to test these observations more rigorously. 

Some diseased blood, which had remained in ampules undisturbed 
for 9 months, under refrigerator temperatures, was available. The 
dear upper fraction was separated from the settled polyhedra. Five 
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silkworms were infected with 0.01 cc. of the poIyhedr?-free upper 
fraction and 5 worms received 0.01 cc. of this same fluid diluted 10 
times with sterile water. The sedimented polyhedra were suspended 
in 0.1 cc. of sterile water and 10 worms were infected, each receiving 
0.01 cc. containing ± 100,000 inclusions. 


TABLE 1 

Loss of Infectivity of Blood on Standing Vertically Nine Months 


Upper fraction of blood 


Sedimented bodies 


No. 

Deaths 

from 

undiluted 

blood 

Time 
in da^s 
infection 
to death 

No. 

Deaths 

from 

diluted 

blood 

No. 

Deaths 

Time 
in days 
infection 
to death 

No. 

Deaths 

Time 
in days 
infection 
to death 

1 

+ 

5 


0 

1 

-f 

5 

6 

+ 

4 

2 

-f 

8 


0 


-f 

8 

7 

■f 

7 

3 

0 



0 



3 

8 

+ 

6 

4 

0 



0 


+ 

4 

■■ 

+ 

4 

5 

0 


5 

0 

5 



H 


7 


TABLE 2 


Loss of Infectivity of Blood on Standing Vertically Five Days 


Upper fraction of blood 

Sedimented bodies 

No. i 

1 

Deaths 

No. 

Deaths 

Time in days 
infection to death 

1 

0 

1 


6 

2 

0 

2 

-f 

5 

3 

0 

3 

+ 

4 

4 

0 

4 


7 

5 

0 

5 


5 

6 

0 

6 


6 

7 

0 

7 

+ 

8 

8 

0 

8 

-f* 

6 

9 

0 

9 

+ 

4 

10 

0 

10 


5 


Table 1 gives the results of this experiment. Among the 10 worms 
which received the polyhedra-free fraction two contracted jaundice, 
whereas all of those which received the sedimented bodies died of the 
disease. Table 2 gives data for a similar experiment. In this case 
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the infectious ampuled blood was permitted to stand at room tempera¬ 
ture for 5 days. None of the silkworms which received 0.01 cc. of 
the upper, undiluted fraction of the blood contracted the disease, 
whereas the ten which received each 0.01 cc. of a water suspension 
containing ± 100,000 of the settled inclusions succumbed to jaundice. 

These two experiments show that the virus of jaundice was almost 
completely removed from suspension in the blood by permitting the 
polyhedral bodies to settle slowly through this fluid. In time, this 
removal is probably accomplished by the adsorption of the virus to 
the surfaces of the inclusions. If infectious blood is drawn and the 
polyhedra immediately removed by centrifuging, the upper fraction 
retains its activity. This fact will be demonstrated as part of the 
last experiment, table 5, to be discussed later. 

Attempt to Free the Inclusions of Virus by Prolonged Washing 

Table 3 gives the data for two experiments performed with two 
separate lots of inclusion bodies. 

One lot was used throughout the 23 tests in experiment 1; the 
other throughout the 23 tests in experiment 2. In both cases 0.1 cc. 
of polyhedral sediment, freed from blood, was initially used. This 
volume was gradually reduced during the progress of each experiment. 
This was unavoidable because some of the inclusions stuck to the 
glass tubes and were lost after each manipulation. Twenty-three 
tests were made for each of the 2 experiments and 5 silkworms were 
infected in each test. In table 3, test 1, 5 W.C. Super, signifies that 
the 0.1 cc. of pwlyhedra sediment was washed and centrifuged 5 times, 
each time in 5 cc. of separate volumes of sterile water and 0.01 cc. of 
the 5th supernatant fluid fed to 5 worms in each experiment. The 
washing involved suspension of the bodies in water by agitation of the 
sediment with a sterile pipette. A fresh pipette was used for each 
manipulation. The 5 cc. of wash waters 1 to 4 were discarded. In 
each experiment no cases of jaundice were obtained. In test 2, 5 W.C. 
+ 5 H.S. -J- 1 C Super signifies that the same inclusions after discard¬ 
ing the supernatant fluid in test 1, were resuspended in 5 cc. of sterile 
water, and subjected to 5 hours of agitation in a shaking machine. 
1 C Super means that the inclusions were then thrown down in the 
centrifuge tube and the supernatant fed, 0.01 cc. to each worm. One 



TABLE 3 

Code: C = centrifuging; W.C. - washing and centrifuging; H.S. = hours of shaking; Super = supernatant liquid or wash water- nolvhedra 
polyhedral inclusion bodies. * 
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case of jaundice developed in experiment 2. In test 3, 5 W.C. + 5 
H.S. + 5 W.C. polyhedra signifies that after the bodies were subjected 
to the washings, centrifugings, and shakings recorded in tests 1 and 2, 
they were washed and centrifuged 5 more times in 5 cc. of separate 
volumes of sterile water. In this test the first 4 wash waters were 
discarded and the polyhedra resuspended in the fifth by agitation with 
a pipette. These inclusions were then fed to 5 silkworms in each 
experiment in doses of 0.01 cc. containing ± 100,000 polyhedra. One 
case of jaundice developed in experiment 1 and 3 cases in experiment 2. 
In tests 4, 5, and 6 the treatment of the bodies was continued. 

Five hours of shaking were added, the bodies were centrifuged down, 
and the 1st supernatant tested. More washings and centrifuging 
followed and the 3rd and 5th wash waters were tested, followed by 
infections with the polyhedra, in test 7, resuspended in 5 cc. of fresh 
sterile water. 

The silkworms were all of uniform size and age. The wash water 
used always equalled 5 cc. and the dosage of wash water per worm was 
held at 0.01 cc. When infections were performed with the inclusions 
these were always fed in doses of 0.01 cc. water suspensions containing 
± 100,000 bodies. The time of washing by agitating the polyhedra 
with a pipette consumed approximately 30 seconds. In centrifuging, 
the time and R.P.M. were also held constant at 5 minutes and 1500 
respectively. 

Samples of the polyhedral bodies were examined microscopically at 
intervals during the prolonged course of treatment and even after the 
two 23rd tests showed no visible changes such as cracking or fragmen¬ 
tation. This was not surprising in view of the well known fact that 
the polyhedral bodies are quite resistant to dyes, moderately high 
pressures, and solution in water. These facts are at variance with 
what is known of the apparently delicate natures of the intracellular 
inclusions found in the virus diseases of many of the higher animals. 

The experiment outlined showed that the washings and shakings 
freed considerable amounts of virus from the surfaces of the polyhedral 
bodies, but that it was impossible to remove it entirely. In general, 
the polyhedra were just as infectious after the 23rd treatment as after 
the preceding treatments. Since worms fed 0.01 cc. of undiluted and 
untreated blood yield approximately 100 per cent mortality, the 
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prolonged treatment to which the bodies were subjected did not 
entirely remove the adsorbed virus, although virus was liberated, as 
the results with the wash waters showed. 

The cleansing experiment was repeated but the pH of the wash 
waters was varied from 5.0-6.8. Surfa6e changes or agglutinations of 
the bodies occurred when the medium was too acid or too alkaline, 
but at the range employed no visible effect on the inclusions was no¬ 
ticed. It was also known that the H-ion concentrations used did not 


TABLE 4 

Titration Experiments 


Amount of 
virus blood 
adminis¬ 
tered* 

Exp. 1 

Exp. 2 

Exp. 3 

Exp. 4 

Exp. 5 

Exp. 6 

Total 

no. 

fed 

Total 

no. 

died 

Per 

cent 

mor¬ 

tality 

No. 

fed 

No. 

died 

No. 

fed 

No. 

died 

No. 

fed 


No. 

fed 

No. 

died 



No. 

fed 

No. 

died 

10-“ 

2 

0 

2 

0 

3 

0 

4 

0 

5 

i 

5 

0 

21 

0 

■1 

10-“ 

2 

0 

2 

0 

3 

1 

4 

1 

5 


5 

0 

21 

3 

14 

10-10 

2 

1 

2 

O 

3 

0 

4 

0 

5 

0 

5 

1 

21 

2 


io-» 

2 

0 

2 

1 

3 

0 

4 

0 

5 

1 

5 

0 

21 

2 


10-* 

2 

1 

2 

0 

3 

0 

4 

1 

5 

2 

5 

0 

21 

4 

19 

lO-’' 

2 

0 

2 


3 

0 

4 

1 

5 

0 

5 

1 

21 

2 

10 

10-« 

2 

0 

2 


3 


4 

0 

5 

1 

5 

1 

21 

4 

19 

10-* 

2 

1 

2 

2 

3 


4 

1 

5 


5 

1 

21 

7 


10-* 

2 

1 

2 

1 

3 

2 

4 

3 

5 

B 

5 

1 

21 

10 

48 

10-» 

2 

2 

2 

2 

3 

3 

4 

3 

5 

u 

5 

2 

21 

16 

76 

Total 




6 


8 

40 



13 

50 

7 

210 

50 



* Controls fed corresponding amounts of normal blood were held; 6 silkworms 
for each dilution. None of the 60 silkworms so treated died. As untreated con¬ 
trols, to determine the possibility of cross infection, 150 silkworms were held in 
the room during the experiment. None of these died. 

affect the activity of the virus. The final outcome of this experiment 
corresponded to the previous one; virus was liberated into the wash 
waters, but the polyhedra remained infectious. 

The results given, especially at the end of the above experiments, 
could not have been due to high dilutions of some of the original infec¬ 
tious blood. The small amounts of blood adhering to the polyhedra 
must have been washed away very soon because each wash water was 
discarded completely after the infection was performed and fresh, 
sterile water added prior to the next manipulation. Therefore, the 
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argument that a titration of the original trace of blood was made 
cannot be used. The wash waters which produced jaundice must 
have received the virus from the inclusions or in cases in which the 
inclusions themselves were used the virus must have been associated 
with them. The number of cases of disease obtained at the end of the 
experiments did not differ materially from the number obtained at 
the beginning. It was thought well, however, to determine how far 
infectious blood can be diluted and still remain active. Table 4 gives 
the results of 6 separate experiments performed by progressively 
diluting infectious blood with sterile water. It was found that this 
blood will occasionally titrate to a dilution of 1 part of virus blood in 
one hundred billion parts of water. At 1 to a trillion dilution the 
activity of the infectious agent was definitely lost. In other words, 
virus blood can be greatly diluted, but not to the extent which would 
account for the cases of jaundice obtained at the end of the washing 
experiments. The actual dilution finally obtained with the 35 wash¬ 
ings cannot be calculated, because the wash waters were always dis¬ 
carded and were not progressively diluted. 

Attempt to Free the Inclusions of Virus by Chemical Agents 

The possibility of freeing the polyhedra of virus by means of chemi¬ 
cal agents was next considered. Some inclusions were shaken with 
water suspensions of willow carbon. Infection experiments showed 
that the carbon adsorbed virus, but we were unable to free the poly¬ 
hedra of the infectious agent by this method. Alcohol (80 and 95 
per cent), iodine solution and 5 per cent potassium dichromate were 
tried over various periods of time, but without effect. Five per cent 
phenol used for 1 hour did not sterilize the polyhedra. If the infec¬ 
tious material had been in a thoroughly dry state prior to treating 
with alcohol and other agents the results might have been different, 
but drying was thought inadvisable for the purposes of the present 
experiments. 

Inactivation of Polyhedra by Heat and Readsorption of Free Virus to 

the Bodies 

Polyhedral bodies were washed and centrifuged 5 times and then 
suspended in water, the tubes sealed and submerged in heated water. 
Two experiments showed that the inclusions were not always sterilized 
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when they were heated for J to 1 hour at 60°C. When maintained at 
100®C. for ^ hour, however, the polyhedra were rendered inactive. 
Table 5 shows 3 separate tests involving 5 worms for each test with 
3 separate lots of polyhedra sterilized by heat, involving the infection 
of 15 worms. * 

Each silkworm in this group received =b 100,000 inclusions, but no 
jaundice developed. Fresh infectious blood was then freed of its 
natural polyhedra by quickly centrifuging. This freed blood proved 
highly infectious, as shown by the deaths from jaundice of 14 of the 
15 worms infected during the course of 3 trials of 5 worms each. 


TABLE 5 

Effect of Passing Polyhedra Sterilized by Heat through Active Virus Blood 



Number of 
worms fed 

Number 

di^ 

Per cent 
mortality 

Heated polyhedra. 

15 

0 

0 

^^8 blood freed of polyhedra by centrifuging. 

15 

14 

93 

Virus blood after sedimentation of heated polyhedra. 

15 

4 

27 

Remaining heated polyhedra centrifuged from virus 
blood after sedimentation (not washed). 

15 

8 

53 

Supernatant I. 

15 

4 

27 

Supernatant III. 

15 

0 

0 

Supernatant V. 

15 

0 

0 

Heated polyhedra sedimented through virus blood and 
washed five times. 

15 

5 

33 


The sterilized polyhedra were then permitted to settle, for 24 hours, 
through this active, polyhedra-free blood and in so doing a consider¬ 
able amoimt of virus was removed. This is shown in the 3 tests with 
0.01 cc. of the clear, upper liquid which only yielded 4 cases of jaundice. 
It was found, however, that many of the bodies still remained in 
suspension after the 24 hours sedimentation, so the remaining ones 
were removed by throwing them down in a centrifuge tube. These 
bodies were not washed and were found active. The main bulk of 
the heated polyhedra which had settled out during the 24 hours was 
washed and centrifuged 5 times in 5 cc. of separate volumes of sterile 
water. The supernatant liquids or wash waters 1,3, and 5 were tested 
on silkworms by feeding 0.01 cc. amounts, but the first was the only 
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infectious one. The washed polyhedral bodies were then tested by 
feeding 0.01 cc. water suspensions containing ± 100,000 and 5 cases of 
jaundice developed. 

The above experiment demonstrated that the virus associated with 
the polyhedra was destroyed by heat and that some was adsorbed to 
the treated bodies when they were brought in contact with active 
virus. That more virus was not adsorbed may have been due to 
changes in the surfaces of the bodies produced by the heat. 

We have been unable to demonstrate the presence or absence of 
active virus within the polyhedral bodies, and, at present, know of no 
technique which would satisfactorily test this possibility. All of the 
results obtained can be explained, we believe, on the basis of surface 
adsorption of the virus to the protein material of the inclusions. 
Therefore, we see no reason for changing our previous point of view, 
namely, that the polyhedral bodies are reaction or by-products of the 
disease. It is true, they have an aflinity for the virus, but that does 
not mean that they are genetically related to it or that they can be 
compared to a cyst-like secretion by an active agent within. It has 
been repeatedly shown, in this as well as in previous filtration work, 
that the disease can be produced without the polyhedra, so no need 
exists for attributing to them any direct etiological relationship to it. 

SUMMARY 

When freshly drawn jaundice blood, containing polyhedral bodies, 
was immediately centrifuged, the supernatant fluid freed from the 
inclusions was highly active. If infectious blood was permitted to 
stand for some time the inclusion bodies settled and in the upper layer 
of the fluid which was free from them, no virus was found. The poly¬ 
hedra continuously lost virus when washed in water, but could not be 
freed from the infective agent in this manner. A similar result was 
obtained when the reaction of the wash water was purposely varied. 
The results with the wash waters could not have been due to a high 
dilution of traces of the original infectious blood. Though diseased 
blood was infectious occasionally when diluted 10““ times it lost its 
activity at 10~“. 

The polyhedra could not be freed of virus by the use of certain 
chemicd agents. Heat, however, was effective in rendering inactive 
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the virus associated with them. When they were now brought in 
contact with active polyhedra-free blood, some of the virus became 
associated with them. 

The inclusions are evidently physical carriers of the Viius, but the 
experiments do not lend support to the view that they are etiologically 
important in the sense of a genetic relationship. 
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THE DECOMPOSITION OF CITRIC ACID BY BACILLUS 

AERTRYCKE 

By william F. BRUCE 

{From the Department of Animal and Plant Pathology of The Rockefeller 
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The ease with which certain pathogenic bacteria grow in media 
composed of simple chemical substances, such as ammonium ci¬ 
trate and a few inorganic salts, presents the possibility of a de¬ 
tailed study of the chemical changes caused by these bacteria. 
Since many non-pathogenic organisms also are known to decom¬ 
pose such media, a comparison of their action with that of the 
pathogens can be made. From relatively simple salts, the bac¬ 
teria are able to synthesize all the complex materials which are 
necessary for their growth. As a result of bacterial action, the 
substrate is decomposed into smaller molecules, some of which 
can be isolated and identified. 

Some results of a study of the decomposition of citric acid by a 
laboratory strain of Bacillus aertrycke are reported here. This 
bacillus is a member of the paratyphoid Type B group, pathogens 
which have the special ability to grow well on a synthetic citrate 
medium (1). This medium is not readily contaminated, and is 
composed only of well known chemically pure substances. 

The course of the decomposition of citric acid by Bacillus aer- 
trycke was followed by the use of a convenient procedure for the 
determination of citrate which is described elsewhere (2). Ex¬ 
amination of the medium at various stages of the decomposition 
showed that formic and acetic acids were produced early in the 
process. 1 mole of citric acid through the action of the bacteria 
gave rise to 0.25 mole of formic acid, 1.5 moles of acetic acid, and 
nearly 0.75 mole of succinic acid, in addition to carbon dioxide. 
Study of the volatile acid fraction showed that under the condi¬ 
tions used, formic and acetic acids were the only volatile acids 
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produced in appreciable amounts. This fraction was isolated by 
distillation in vacuo, a method which, with certain precautions, 
has proved both rapid and reasonably accurate. Succinic acid was 
then isolated from the residue by extraction with ether. 

The results of this study differ from those reported in the litera¬ 
ture concerning the action of other organisms on citric acid, first, 
in the demonstrated presence of formic acid; second, in the rapid 
production of relatively large amounts of succinic acid; third, in 
the somewhat diminished production of acetic acid; fourth, the 
absence of demonstrable amounts of acetonedicarboxylic acid or 
acetone resulting from its decomposition; and fifth, in a compari¬ 
son of the products formed by the action of rough and smooth 
forms of the same organism, with the identification of lactic acid 
produced by the smooth form. 

Studies of the products of decomposition of citric acid by other 
organisms have been made by a number of workers. Terada (3) 
obtained a rather large yield of succinic acid by the prolonged 
action of an unclassified organism from the air. The action of 
Bacillus suipeatifer on citrate in the presence of peptone has been 
studied by Brown, Duncan, and Henry (4) who identified acetic 
acid, carbon dioxide, and a trace of succinic acid as the products. 
Some of the volatile acid was formed from the peptone. Bosworth 
and Prucha (5) reported that the decomposition of citric acid in 
milk by BaciUus lactis aerogenes 3 delds 2 moles of acetic acid for 1 
of citric acid. Butterworth and Walker (6) in studying the action 
of BaciUus pyocyaneus on citric acid found acetonedicarboxylic 
acid and acetone produced by its partial decomposition; malonic 
and acetic acids were then isolated and a trace of succinic acid was 
found. 

In the decomposition of citrate by Aspergillus niger, Walker, 
Subramaniam, and Challenger (7) have established a series of prod¬ 
ucts which likewise begins with acetonedicarboxylic acid. This 
is followed in turn by malonic, acetic, glycolic, glyoxylic, and 
finally oxalic acid. No succinic acid was reported. Wieland and 
Sonderhoff (8) studied the anaerobic oxidation of citric acid by 
yeast. They found acetic acid and a small amoimt of succinic acid, 
but were unable to show that hydrogen was a product of the de¬ 
composition, although they had reason to expect it. 
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EXPERIMENTAL 

Synthetic Bacteriological Culture Medium 

A medium similar to those suggested by Braun and Cahn- 
Bronner (9), Pesch (10), and Koser (1) has been prepared. Excel¬ 
lent growth was secured with several strains of Bacillus paratypho- 
sus B and Bacillus aertrycke in the medium, prepared from 
chemically pure salts, of the following composition. 


Diamtnonium citrate, anhydrous, gm . 1.0 

Dipotassium phosphate, “ “. 1.0 

Sodium chloride, gm . 0.6 

Magnesium sulfate, hydrated, gm . 0.1 

Ferric chloride 0.01 per cent, drops . 3 

Calcium “ 0.01 “ “ “ . 3 

Distilled water, ml ... 100 

pH. 6.0 


The medium was filtered and sterilized by autoclaving at 120® 
for half an hour. For the purposes of this study, it proved desir¬ 
able to subculture in the synthetic medium at least ten times in 
order to secure rapid and uniform growth from small inocula. 
Tubes of 50 ml. capacity containing 15 ml. of medium were ster¬ 
ilized and used for transfers, which were made with a 2 mm. plati¬ 
num loop. Incubation at 37“ of a 100 ml. portion inoculated in 
the same way resulted in a heavy turbidity in 24 hours with disap¬ 
pearance of nearly all of the citrate. The medium became more 
alkaline. Growth was particularly heavy at the surface and took 
place best when the medium was exposed to the air in shallow 
layers. 

A bacteriological study of the stock culture after 233 transfers 
in the synthetic medium was secured through the kindness of Dr. 
Carl Ten Broeck. The organisms consisted of rough and smooth 
forms of Bacillus aertrycke. The former, which greatly predomi¬ 
nated, were motile and in part greatly elongated. The latter were 
short motile rods, more actively motile when transferred to broth. 
Both forms produced gas from glucose, the rough form acting much 
more rapidly. Both forms were agglutinated with specific immune 
serum in dilutions of 1:12,000 for the smooth strain and 1:50,000 
for the rough strain, in which there was a tendency to spontaneous 
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agglutination; this dilution was near the limit for the immune 
serum which was used. 

Methods and Apparatus —For chemical study 1 liter of solution 
in a 3 liter round bottomed sterile flask plugged loosely with cotton 
was inoculated mth the platinun^ loop and incubated at 37° or 
in some cases at 34°. At interv^s 100 ml. portions were with¬ 
drawn under sterile conditions for chemical examination. De¬ 
termination of residual citrate, together with formic, acetic, and 
succinic acids, was made. 

Duplicate determination of citrate in the sample required 2 ml. 
and was accomplished by the use of Denig^s’ reaction (2). The re¬ 
maining 98 ml. were filtered through a Seitz filter with two 5 ml. 
washings, giving a water-clear filtrate. Volatile acidity was de¬ 
termined by adding 9 ml. of 20 per cent phosphoric acid and dis¬ 
tilling in a modified Claisen flask at a water pump vacuum of 
about 20 mm. The distilling flask had a capacity of 250 ml. and 
was provided with a 20 cm. indented tubulation. When the resid¬ 
ual material had largely solidified, two 15 ml. portions of water 
were added and distilled separately to sweep over any residual 
volatile acid. The volume of the distillate was determined and 
25 ml. taken in duplicate for titration with standard sodium hy¬ 
droxide. The end-point was determined in boiled solution with 
phenolphthalein as indicator. Phosphate was uniformly absent, 
but variable amoimts of hydrochloric acid, produced from the 
sodium chloride of the medium, were present. To the neutral¬ 
ized sample was therefore added 1 ml. of 10 per cent potassium 
chromate, chloride ion was titrated with 0.05 N silver nitrate, and 
the total acidity was corrected for the amount of hydrochloric acid 
thus determined. 

Formic acid was determined in 2 ml. of the distillate by adding 
2 ml. of the mercuric chloride-sodium acetate reagent of Franzen 
and Egger (11). The solution heated at 100° for 4 hours in a 
centrifuge tube deposited calomel, which was washed, dried, and 
weighed in the same vessel. 

The non-volatile residue from the distillation was transferred to 
a long 30 ml. test-tube by rinsing with three or four 5 ml. portions 
of hot water. Two short, dense plugs of absorbent cotton be¬ 
tween which a layer of anhydrous sodium sulfate was inserted 
were next placed at the mouth of the tube, well above the fluid. 
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and around the funnel tube used in ether extraction (12). The 
whole was then continuously extracted with ether for 24 to 36 
hours. The receiver was changed at the end of 5 hours in order to 
obtain some fractionation of the extract. 

The procedure was the outcome of study of many cultures. It 
was found necessary to remove the bacteria by filtration in order 
(a) to avoid excessive foaming which sometimes occurred during 
distillation in the presence of bacterial bodies, (6) to lessen the 
production of emulsions during ether extraction, and (c) to avoid 
the introduction of impurities extracted from the bacterial bodies. 
Since filtration was frequently slow, the effects of using the un¬ 
filtered culture were studied. There was no significant change 
either in the quality or quantity of the products. This was de¬ 
termined by dividing a 200 ml. culture into 2 equal parts, one of 
which was filtered, the other not. Trtie amounts of acetic and 
formic acids from each were the same. The non-volatile residue 
from the filtered specimen gave a nearly clear water solution, but 
that from the unfiltered part upon addition of water left a wax¬ 
like material which weighed less than 0.01 gm., and was readily 
separated by filtration. The foaming which occasionally became 
serious during the distillation of this sample was controlled by the 
addition of a drop of octyl alcohol as often as necessary. Control 
tests showed that this did not alter the amount of either fraction. 

The formation of emulsions during ether extraction caused little 
difficulty with the extracting arrangement described. In spite of 
the absence of mechanical entrainment of phosphoric acid, after 
long extraction a detectable amount of phosphate was found in 
the residue. Since, when the decomposition of citrate is complete, 
the non-volatile fraction is all extracted in 5 hours, this difficulty 
has not in general been found serious. 

In order to show the reliability of the method of volatile acid 
determination, studies were made of the recovery of known mix¬ 
tures of the acids identified below when distilled with phosphoric 
acid. By the procedure described, 85 per cent of the volatile 
acid was recovered in one distillation, and with two washings at 
least 96 per cent was secured. The missing portion was largely 
acetic acid. 

Identification and determination of the products were made as 
follows: The presence of formic acid in the distillate was shown not 
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only by reduction of mercuric chloride to calomel in the reaction 
used for its determination, but also by the reduction of meth¬ 
ylene blue in the presence of sodium sulfite (13). Acetic acid was 
identified by the preparation of p-nitrobenzyl acetate, melting at 
76-79®, from the sodium salt of the distillate and p-nitrobenzyl 
bromide. A mixed melting point with an authentic sample (78- 
80®) showed no depression. By subtracting from the standard 
alkali consumed by the distillate the part due to hydrochloric and 
formic acids, the amount used by the remaining volatile acid was 
obtained. This was then calculated as acetic acid. 

The conclusions concerning the nature and amount of these vola¬ 
tile acids were confirmed by a Duclaux analysis carried out by the 
method of Virtanen and ^Ikki (14). After 33 hours, a 100 ml. 
sample of culture was removed from 1 liter of medium inoculated 
with Subculture 153. The volatile acid distillate, including wash¬ 
ings, was 150 ml. Of this, 50 ml. were used for determining titrat- 
able acidity, chloride, and formate. This analysis showed that 
the volatile acids present in 100 ml. were equivalent to 2.2 ml. of 
0.1 N HCl, 22.6 ml. of 0.1 n formic acid, and 86.0 ml. of 0.1 N 
acetic acid. By using the known semidistillation constants for 
the organic acids and neglecting the hydrochloric acid, the amount 
of 0.1 N NaOH necessary to neutralize this distillate was calcu¬ 
lated to be 36.7 for 50 ml. The observed value was 37.2 ml. 

While less than 0.05 ml. of 0.05 n hydrochloric acid appeared in 
the distillate during semidistillation, the effect of this acid on the 
constants of the organic acids was unknown. Decreasing 
ionization would no doubt slightly increase the semidistillation 
constants. The constants for the particular apparatus used were 
not determined. The agreement between calculated and ob¬ 
served values is therefore considered to indicate, within the ex¬ 
perimental error, that no other volatile acid was present in signifi¬ 
cant amounts. 

The non-volatile residue from cultures grown under the con¬ 
ditions already described consisted of succinic acid in amounts 
varying for the most part between 0.1 and 0.3 per cent. The suc¬ 
cinic acid obtained on evaporation of the ether extracts was re¬ 
markably pure, showing a melting point of 180-182® without fur¬ 
ther treatment. One ciystallization from water sufficed to give 
an analytically pure sample melting at 187.5® (corrected). A titra- 



W. F. BRUCE 


505 


tion equivalent of 59.8 was found (theory 59.0). The methyl 
ester, prepared by the action of a slight excess of diazomethane, 
melted at 20“ and gave no depression with a known sample. 

The quantitative relation between the decomposition products 
of citric acid at various stages of the growth of the culture is shown 
in Table I. 

In many experiments, the amoimt of acetic acid was slightly 
higher than in this case, and the amount of succinic acid between 
1 and 2 millimoles, with not much variation of the quantity of 
formic acid. Carbon dioxide was present whenever tests for it 
were made. It was identified by the formation of barium car¬ 
bonate from the C02-free air used in aerating some of the cultures. 

The distribution of carbon among the various decomposition 
products of citric acid was studied with both the rough and the 


Table I 

Products Formed during Growth of Bacillus aertrycke on Citric Acid 


Incubation time 

Citric acid 

Acetic acid 

Formic acid 

Succinic acid 

hrt. 

mu 

mu 

mM 

mu 

0 

4.43 

0 

0 

0 

19 

3.32 

1.6 



33 

0 

6.95 


3.06 


pure smooth strains of Bacillus aertrycke isolated from the labora¬ 
tory strain previously described, after 233 transfers on synthetic 
citrate medium. Table II shows the carbon distribution found in 
100 ml. cultures incubated at 37“ after inoculation from a suspen¬ 
sion of these forms. The carbon dioxide was absorbed in stand¬ 
ard barium hydroxide by aerating, acidifying, and further aerating 
with carbon dioxide-free air until no more barium carbonate was 
precipitated. The amount of bacterial bodies was estimated by 
filtering 10 ml. of the acidified culture through a weighed plati¬ 
num Munroe crucible, which removed most of the turbidity. 
After washing thoroughly and drying at 100“ in vacuo for 5 hours, 
the difference in weight multiplied by 10 was taken to be that of 
the bacterial bodies, for which a carbon content of 50 per cent was 
assumed. 

The carbon balance for the rough form of the organism shows the 
distribution of 95 per cent of the carbon initially introduced. In 
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addition, 1 per cent was used for the determination of citric acid; 
96 per cent is thus accounted for. For the smooth form 92 per 
cent of the initial carbon is accounted for in the products, and an 
additional 1 per cent was used for the citric acid estimation. The 
chief sources of error appear to li^ in the determination of the 
weight of the bacterial bodies and perhaps in the incomplete ex¬ 
traction of the non-volatile acid fraction. Lactic acid was identi¬ 
fied regularly in smooth cultures, but not in rough cultures or in 
the ordinary BaciUus aertrycke cultme under the conditions used. 


Tablb II 

Carbon Distribution in Synthetic Citrate Medium after Incubation with 
Rough and Smooth Forms of Bacillus aertrycke 



Rough form (1 loop inoculum) 

Smooth form (0.5 ml. inoculum) 

Substanoe found 

Amount after 

Carbon after 

Amount after 

Carbon after 


0 hrs. 

40 hrs. 

0 hrs. 

40 hrs. 

Ohrs. 

17 hrs. 

0 hrs. 

17 hrs. 

Acids 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

mg. 

Carbonic (CO 2 )... 

0 

376 

0 


0 

252 

0 

68.6 

Formic. 

0 

23 

0 


0 

75 

0 

19.4 

Acetic. 

0 

199 

0 


0 

372 

0 

148.0 

Succinic. 

0 

130 

0 


0 

65 

0 

26.5 

Lactic. 

0 

0 

0 

0 

0 

35 

0 

14.3 

Citric. 

850 

no 

319 

42.0 

850 

0 

319 

0 

Bacteria. 

0 

40 

0 

20.0 

0 

30 

0 

15.0 

Total. 



319 

302.9 



319 

291.8 


Identification was made by the thiophene reaction and was sub¬ 
stantiated by the guaiacol, codeine, and acetaldehyde tests (15). 

A comparison of the rough and smooth strains through a number 
of experiments showed that the rough type regularly had a denser, 
more rapid growth; produced more succinic acid; formed less 
formic acid, in some cases none whatever; formed less acetic acid; 
evolved more carbon dioxide; and produced no lactic acid. A 
further comparison of these forms is being made. 

DISCUSSION 

The identification of formic, acetic, lactic, succinic, and carbonic 
acids in a synthetic citrate medium inoculated with Bacillus aer- 
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trycke shows that a very thorough decomposition of the citrate 
molecule has taken place. The precise manner in which these 
substances are formed is not yet clear, but important processes 
are evidently concerned with oxidation, since the most rapid ac¬ 
tion occurs in the aerated culture. Since acctonedicarboxylio acid 
can be obtained from citric acid by the action of various oxidizing 
reagents, this acid might be a product of the bacterial action. No 
evidence of its presence was found, however, nor of acetone, into 
which it readily decomposes. Moreover, growth on a medium 
composed of acetonedicarboxylic acid and the requisite salts both 
with and without formate was feeble, and produced no non-vola¬ 
tile and little volatile acid. It therefore appears improbable that 
this substance is an intermediate in the decomposition. In view 
of the identification of lactic acid, the possibility that pyruvic acid 
or aldehyde may be an intermediate (16,17) deserves investigation. 

The formation of succinic acid in relatively large amounts ap¬ 
pears to require some other mechanism than that proposed by 
Brown, Duncan, and Henry (4), who assumed free radicals as in¬ 
termediates. Grey (18) had proposed the same mechanism to 
explain the action of Bacillus coli on citrate in the presence of cal¬ 
cium formate, by which acetic and succinic acids were formed. 
Butterworth and Walker (6) have likewise resorted to the assump¬ 
tion of free radical formation. It is evident from the equations 
proposed by Brown, Duncan, and Henry that for every molecule 
of succinic acid isolated, a molecule of formic acid should be found. 
The data in Table I show, however, that this is not the case, for 3 
times as many m,olecules of succinic acid as of formic acid were 
isolated. The separate rough and smooth forms likewise fail to 
produce the expected ratio (Table II). The bacteria are able to 
utilize succinate but not formate under these experimental con¬ 
ditions, so that the a m ount of formic acid remains nearly constant 
in a series of experiments, while the quantity of succinic acid 
varies. The mechanism proposed by these authors therefore does 
not appear to explain the decomposition of citric acid by Bacillus 
aertrycke. 

The formation of succinic acid from the protein constituents of 
the bacteria (19) does not account for the data imder discussion, 
since the amount of acid is far greater than the total amount of 
protein. Acetic acid can scarcely be the stage preceding succinic 
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acid (16, 20, 21) for in synthetic media the bacteria fail to utilize 
acetate at hydrogen ion concentrations more acid than pH 7, 
whereas the optimum pH for the production of succinate lies be¬ 
tween 5 and 6. Whether a hydroxyadipic acid (17) may be the 
precursor in this case, there are nqt sufficient data to decide. A 
substituted acetic acid is also worth consideration (22) in a dis¬ 
cussion of this question. 

While both the rough and smooth forms produce succinic acid, 
the former gives a larger yield and acts more rapidly; the inoculum 
of the smooth form was much larger than that of the rough in the 
experiments shown in Table II. The rough form produces much 
less formic acid than the smooth, and appreciably less acetic acid. 
The cultural differences between these forms are those commonly 
found between rough and smooth forms; the rough is more resist¬ 
ant, and the smooth is more sensitive to changes in environment. 
Both forms have maintained their cultural and biochemical char¬ 
acteristics in this simple medium through twenty transfers. The 
more selective action of the smooth form is no doubt responsible 
for the isolation of lactic acid. Since the substance isolated is 
optically inactive, it may be the result of a dismutation or other 
non-enzymatic reaction which has time to occur in the smooth 
but not the rough culture. 


SUMMARY 

1. A study was made of the chemical changes which occur when 
BaciUus aertrycke is cultivated on a s 3 mthetic citrate medium with 
ample exposure to the air. 

2. The products identified were formic, acetic, and succinic acids 
and carbon dioxide. 

3. The ratio of succinic to formic acid which was found renders 
improbable the assumption that free radicals play an important 
part in the decomposition of citrate by bacteria. 

4. Rapid and convenient methods for the determination of 
citric and acetic acids were developed. 

5. Comparison of the rough and smooth forms of Bacillus aer¬ 
trycke showed that the smooth form produces more formic and 
acetic acids, less carbon dioxide and succinic acid; and in addition, 
small amounts of lactic acid. 
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INTRODUCTION 

In the Island of Jersey the importation of cattle has been pro¬ 
hibited since 1763, or for about 40 generations in the life scale of 
cattle. The Royal Jersey Agricultural Society has systematically 
tried to standardize the animals by drawing up scales of points and 
guiding the breeding operations of individual farmers. The Jerseys 
of North America were imported from this island stock, mostly during 
the last quarter of the nineteenth century and the present century. 
The million or so progeny of these imported cattle have been kept 
separate from other cattle by registration of pure breeding. 

From 1900 to 1923 about 14,000 of the half million American Jersey 
cows* were tested for their milk yield over a year’s lactation. All of 
these cows were able to produce the minimum requirement of 360 
pounds of butterfat at 5 years of age. Their performance records 
include the cow’s name and number, the name and number of her 
sire and dam, her age, the length of her record, the amount of milk 
and butterfat that she produced, the butterfat percentage, and the 
duration of time she carried her calf. The purpose of the present 
investigation was so to analyze these records of milk secretion as to 
ascertain the part played by the inheritance of each ancestor and by 

* Collaborating biologist, Maine Agricultural Experiment Station. 

* Registry of Merit of Jersey Cattle, American Jersey Cattle Club, New York. 
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the environment in fixing the yield and butterfat percentage of a 
cow’s milk. 

The records chosen for study were those of 364, 365, or 366 days. 
All records were corrected for age.® Beyond a correction to the 
equivalent expected record of 8 years and 3 months, however, no 
changes in the data were made. While this group represents but a 
small proportion of the total number, in fact a proportion hardly ade¬ 
quate for a concerted genetic control of the breeding for milk pro¬ 
duction within this breed as a whole, it does not appear to be heavily 
selected. The data are, therefore, treated as though selection were 
absent. The problem with which this paper deals may be illustrated 
by the pedigrees described below. 

Pedigrees of High and Low Milk Production 

The sum total of the effects of inheritance or environment on milk 
secretion may be seen in a typical pedigree of a high milk-producing 
cow as contrasted with one of low milk production. To make such 
pedigrees, all the Jersey cows whose mature-form production was 
under 8,000 pounds were taken as the low-producing group. There 
were 766 such cows in the 3,753 animals which came from tested dams. 
For the high-producing group all cows were taken whose production 
was over 12,000 pounds. There were 738 such cows in the 3,753 ani¬ 
mals which came from tested dams. The pedigrees of each cow were 
run out to the third generation. The average mature-form production 
of the daughters of each animal in the pedigree was then determined, 
summed, and averaged. This average appears in the pedigrees pre¬ 
sented below. Besides this average, the average production of the 
dams, the paternal granddams, and the maternal granddams was 
found and that average also appears in the pedigree. 

A glance at the pedigree of the average low-producing cow as com¬ 
pared with that of the average high-producing cow shows that through¬ 
out the production of the ancestors of the high-producing animals 
was distinctly greater than that of the low-producing animals. It 

* While the actual correction constants were determined specifically for these 
Jersey cattle data from their own mean age production curves, they are in princi¬ 
ple the same as those developed by the writer elsewhere (12).* 

* Reference is made by number (italic) to Literature Cited, p. 554. 
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will be further noticed that on the whole the records of the parents 
are more nearly like those of their progeny than like those of the 
grandparents. There is, unfortunately, a selective factor which to 


Daughters’ milk yields 
under 8,000 pounds. 


Low Milk Yield 


Sire; daughters’ aver¬ 
age milk yield 9,376 
pounds. 


Dam; daughters’ aver¬ 
age milk yield 8,639 
pounds, average dam’s 
milk yield 8,945 
pounds. 


Paternal grandsire; daughters’ 
average milk yield 9,844 
pounds. 

Paternal granddam; daugh¬ 
ters’ average milk yield 
10,063 pounds, average pa¬ 
ternal granddam’s milk 
yield 10,327 pounds. 

Maternal grandsire; daugh¬ 
ters’ average milk yield 
9,401 pounds. 

Maternal granddam; daugh¬ 
ters’ average milk yield 
9,299 pounds, average ma¬ 
ternal granddam’s milk 

[ yield 9,129 pounds. 


Daughters’ milk yields 
above 12,000 pounds. 


High Milk Yield 


Sire; daughters’ average 
milk yield 10,572 
pounds. 


Dam; daughters’ average 
milk yield 11,858 

pounds, average dam’s 
milk yield 10,890 

pounds. 


Paternal grandsire; daughters’ 
average milk yield 10,265 
pounds. 

Paternal granddam; daugh- 

i ters’ average milk yield 
11,183 pounds, average pa¬ 
ternal granddam’s milk 
yield 12,044 pounds. 

[Maternal grandsire; daugh¬ 
ters’ average milk yield 
10,212 pounds. 

I Maternal granddam; daugh¬ 
ters’ average milk yield 
10,710 pounds, average ma¬ 
ternal granddam’s milk 
yield 10,062 pounds. 


some degree impairs this comparison. The cows which were selected 
for this group of necessity appear in the averages for the daughters 
of the sire or dam of that group. Similarly, the high-producing cows 
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appear in the averages as daughters of their parents. The effect on 
the average record of the sires’ daughters is not pronounced since 
these selected cows are only one-fifth to one-seventh of the whole 
number of daughters. The effect on tlje average record for the dams’ 
daughters is quite marked since these selected low- or high-producing 
daughters are a half of the whole number from which the average is 
obtained. There appears to be no really satisfactory way to over¬ 
come this difficulty. The reader should keep it clearly in mind, how¬ 
ever, and realize that the apparent difference in the production of the 
sire’s daughters and dam’s daughters has no biological basis but is 
due only to the particular arrangement of the data. Fortunately this 
difficulty does not affect the records of the grandparents or the aver¬ 
age production of the dams’ own records. The marked selection of 
sires on the basis of the record of their dams is apparent in both 
pedigrees. The average production of the daughters of all the grand¬ 
parents is higher for the high-group granddaughters than for the 
low-group granddaughters. For each given group, the daughters of 
the paternal and maternal grandsires are about equal in production. 

An examination of the actual production of the females of the pedi¬ 
gree shows that the daughters’ production resembles that of their 
dams rather more than that of the grandparents. The prominent 
selection of the paternal granddams is evident. The maternal grand- 
dams are relatively little selected. Their milk yields show a definite 
similarity to those of the granddaughter, although this similarity is 
not so great as that of the dams. 

Similar pedigrees showing the sum total effect of inheritance and 
environment on the butterfat percentage of the daughter are pre¬ 
sented below. To form the low-testing pedigree 415 Jersey cows were 
taken that had a butterfat test under 4.8 percent. These cows came 
from tested dams and were by sires which had tested daughters. 
This group constituted about the lower sixth of the animals in the 
Jersey Registry of Merit. The high butterfat testing group consisted 
of 446 cows having a butterfat test above 5.9 percent. These cows 
represented the highest testing animals in-the Jersey Registry of Merit. 
They, too, constituted about a sixth of the animals tested and were 
from tested dams. The pedigrees of these animals were run out to 
three generations. The average mature-form butterfat percentage of 
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the registry of merit daughters of each individual in these pedigrees 
was determined. These records were then averaged for each an¬ 
cestral position in the pedigree. Besides this average, the average 
butterfat percentage of each ancestral group was determined for the 
female line of the pedigrees. 


Low Butterfat Percentage 


Daughters* butterfat 
percentage under 4.9 
percent. 


Sire; daughters* average 
butterfat percentage 


5.18. 


Dam; daughters* aver¬ 
age butterfat percent¬ 
age 4.99, average 
dam*s butterfat per¬ 
centage 4.96. 


Paternal grandsire; daughters* 
average butterfat percent¬ 
age 5.32. 

Paternal granddam; daugh¬ 
ters* average butterfat per¬ 
centage 5.26, average pa¬ 
ternal granddam’s butterfat 
percentage 5.16. 

Maternal grandsire; daugh¬ 
ters* average butterfat per¬ 
centage 5.22. 

Maternal granddam; daugh¬ 
ters* average butterfat per¬ 
centage 5.12, average ma¬ 
ternal granddam*s butterfat 
percentage 5.15. 


Daughters* butterfat 
percentage above 5.9 
percent. 


High Butterfat Percentage 


Sire; daughters* average 
butterfat percentage 
5.51. 


Dam; daughters* aver¬ 
age butterfat percent¬ 
age 5.75, average 
dam*s butterfat per¬ 
centage 5.64. 


Paternal grandsire; daugh¬ 
ters* average butterfat per¬ 
centage 5.41. 

Paternal granddam; daugh- 
I tei-s* average butterfat per¬ 
centage 5.42, average pa¬ 
ternal granddam’s butterfat 
percentage 5.49. 

Maternal grandsire; daugh¬ 
ters* average butterfat per¬ 
centage 5.42. 

Maternal granddam; daugh¬ 
ters* average butterfat per¬ 
centage 5.56, average ma¬ 
ternal granddam*s butterfat 
[ percentage 5.55. 
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These typical pedigrees for cows of low butterfat percentage and 
for cows of high butterfat percentage display essentially the same 
general features as those for milk yield. Throughout, the ancestors 
of the pedigree of the low butterfat tests have lower butterfat-testing 
daughters than those of the high butterfat tests. Within either group 
the records of the parents are more nearly like those of their offspring 
than are the records of the grandparents. The butterfat percentages 
of the four grandparents are essentially the same within each group. 
Consequently no selective breeding for butterfat percentage appears 
to have been practiced in the Jersey breed. 

The data for the actual average butterfat percentages of the female 
ancestors in the pedigree show the importance of the ancestors closest 
to the animal under study as contrasted with the relative lack of im¬ 
portance of those a generation further removed. The average dams’ 
butterfat percentage of the low-producing line was 4.96 percent, 
whereas that of the average dam in the high-producing line was 5.64. 
The grandparents, on the other hand, show for the low-producing 
line 5.16 and 5.15 percent as their averages, whereas those of the 
high-producing line were 5.49 and 5.55 percent. From other evidence 
it has been possible to show that the resemblance one generation 
further removed (the great grandparents) is even less. The data 
show that no significant selection of bulls to be used as sires has been 
made on the basis of their dams’ butterfat percentage. The butterfat 
percentages of the paternal granddams and of the maternal grand- 
dams seem for practical purposes to be the same. 

The pedigrees here shown graphically illustrate the effects of in¬ 
heritance and environment on the milk yield or butterfat percentage 
of particular groups of animals. The problem before us is to analyze 
these two variables in such a way as to be able to ascribe to each 
ancestor and to the environment its contribution to the total effect. 

The contribution of the particular ancestor to the cow’s whole 
inheritance for milk production is ascertained by comparing the pro¬ 
duction of the cow with that of her parents, sisters, cousins, and 
grandparents. The environmental effects are determined by com¬ 
paring the production of individuals of the same generation within 
the same herd with that of other generations. The form in which the 
results are presented is designed to indicate the basic information 
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worthy of consideration in practical breeding as well as the relative 
importance of the different ancestors in the strict genetic sense. 

Infliience of Sire on Milk Production and Butterfat Percentage 

The most frequently used measure of the sirens influence on the 
milk production of his progeny is the average production of his 
daughter. This measure is based on the assumption that if milk 
yield is truly inherited the expectation would be that the sire’s daugh¬ 
ters would show the type of production which he transmitted to them. 
His daughters would be expected to resemble each other more than 
cows of the general breed because of the common inheritance they 
received from him. If the daughters were full sisters then the re¬ 
semblance between their productions would be still greater, for here 
both parents would contribute to the like inheritance. There are 
1,830 sires with 2 or more daughters in the Jersey Registry of Merit. 
The comparison of the milk yields and butterfat percentages of the 
110,456 pairs of half sisters sired by these sires gives the data in 
table 1: 


TABLE 1 

Comparison of Milk Yield {Pounds) and Butterfat Percentage of 110,456 Pairs of 
Half Sisters Sired by the 1,830 Sires with 2 or More Daughters in the Jersey 

Registry of Merit 


Item 

Milk-yield data 

Butterfat percent¬ 
age data 

Average record. 

10,065=hl7 

2,470d=12 

24.5 

0.24±0.01 

5.37±0.003 
0.515i .003 
9.6 

0.25± .01 

Standard deviation. 

Coefficient of variation. 

Correlation coefficient. 



If the average production of these half sisters is compared with that 
found for the breed as a whole at mature form, 9,849 pounds of milk 
and 5.31 per cent of butterfat, it will be seen that these half sisters 
are slightly above the breed’s average production in milk and prac¬ 
tically average in butterfat percentage. The variation in the milk 
yield is somewhat more than the breed’s average (2,254 pounds), while 
the variation in butterfat percentage is representative (0.516). The 
correlation coefficients show that there is a fairly well-marked rela- 
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tion between the milk yields or the butterfat percentages of these half 
sisters. This relation shows the influence of the sire on mo daughters’ 
producing capacity since these daughters are from "ifferent dams, 
each dam having a different heredity. The linear equations expressing 
the relation between the production of one half sister and that of 
another as determined from the foregoing values are: 

Half sister’s average milk yield = 7,719 + 0.23 half sister’s milk yield 
Half sister’s average butterfat percentage = 4.03 + 0.25 half sister’s butterfat percentage 

Table 2 is based on these equations and illustrates the probable or 
average production of a cow, half sister to a cow of known production. 
Thus if the production of the half sister is 7,000 pounds the probable 


TABLE 2 

Average Milk Yield {Pounds) and Butterfat Percentage of Half Sisters from a 

Given Sire 


Actual 
milk yield 
of first 
daughter 

Average 
milk yield 
of 

half sisters 

Actual 
butterfat 
percentage 
of first 
daughter 

Average 

butterfat 

percentage 

of 

half sisters 

Actual 
milk yield 
of first 
daughter 

Average 
milk yield 
of 

half sisters 

Actual 
butterfat 
percentage 
of first 
daughter 

Averai 5 e 

butterfat 

percentage 

of 

half sisters 


8,884 




10,748 

5.5 

5.40 






11,214 

6.0 

5.53 


9,816 


5.15 


11,680 

6.5 

5.65 

11,000 


5.0 

5.28 


12,146 

7.0 

5.77 


production of another cow by the same sire but by a different dam 
would be 9,350 pounds. Wliere one of the sisters has a milk yield of 
19,000 pounds, the milk yield of the other tends to be less, 12,146 
pounds. The average yields tend to regress toward the average value 
of the breed when the first half sisters are extremely low or extremely 
high producers. The same is true for the butterfat percentages. 

In breeding practice this type of problem is presented in a variety 
of ways. It occurs most frequently in a case where the first offspring 
of a sire has a low record, say 7,000 pxjunds of milk, and the owner of 
the sire is considering the advisability of discontinuing his further use. 
Table 2 shows that a second daughter by this sire would have a 
probable production of 9,350 pounds of milk. While this is not high, 
it is better than the 7,000 pounds produced by the first daughter. 
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The data in table I give the information necessary to determine not 
only the probable production of a bull’s daughter, but also the amount 
of variation which they would be expected to exhibit. The probable 
production of the bull’s daughters determined from that of their half 
sisters is given in the equation presented above. The amount of 
variation which the bull’s daughters will have around their average 
production is determined by the correlation coefficient and the stand¬ 
ard deviation. This variation is equal to the standard deviation as 
found in table 1 (2,470 for milk and 0.515 for butterfat percentage) 
multiplied by th e squa re root of 1 minus the correlation coefficient 
squared, S,D, Vl — The value of the correlation coefficient for 
the milk yield is 0.24 and for the butterfat percentage 0.25. The 
standard deviation expected in the bull’s daughters’ production is 
therefore 2,397 pounds for milk yield and 0.499 percent for the butter¬ 
fat percentage. Fifty percent of the daughters would be expected to 
be within 0.67449 X 2,397 = 1,618 pounds on either side of the 
average production of the group, assuming a normal distribution. 
Thus if a half sister’s production is 9,000 pounds the rest of the bull’s 
daughters would be expected to have an average production of 9,816 
pounds. Fifty percent of these daughters would be expected to pro¬ 
duce between 9,816 — 1,618 = 8,198 and 9,816 1,618 = 11,434 

pounds of milk. In the same manner it is possible to determine the 
extreme limits of the production. The limit of the distribution from 
the average value, 9,816 pounds, to include 99 percent of the daughters 
is 2.58 times the standard deviation on either side of the mean. In 
actual figures this limit would be 2,397 X 2.58, or 6,192 pounds on 
either side of the average value. For example, if a bull’s first daughter 
produced 15,000 pounds of milk the expected average production of 
his other daughters would be 11,214 pounds; 50 percent of the daugh¬ 
ters would produce between 9,596 and 12,832 pounds, and 99 percent 
would produce between 5,022 and 17,406 pounds. These facts bring 
out a significant point. While it is possible to estimate the average 
production of these half sisters, there still remains a wide variation 
within which the individuals half sisters’ production may vary, making 
it impossible to determine the actual production of a single half sister 
exactly when the only information available is that of a half sister’s 
production. 
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The degree of resemblance existing between the milk yields or 
butterfat percentages of half sisters in other breeds of dairy cattle is 
of some importance since it strengthens any belief that may be held 
as to the real nature of the facts observed for the cows within the 
Jersey herd. The correlation between the milk yields of half sisters 
with a common sire was 0.24 for the Jersey Registry of Merit cows, 
0.36 for the advanced registry Holstein-Friesian cows, and 0.13 for 
the advanced registry Guernsey cattle. For the butterfat percentages 
the correlations for these Jerseys was 0.25, for the Holstein-Friesian 
0.37, and for the Guernsey 0.17 {11,13,14). The range of values for 
the different breeds is perhaps greater than would be expected. The 
results agree, however, in showing that the sire’s progeny tend to 
resemble each other to a noticeable degree, enough so that their 
records may be used advantageously in pedigree breeding. The 
average degree of likeness is such as might be expected were the 
breeding at random so far as the inheritance factors for milk yield or 
butterfat percentage are concerned and the inheritance by the multi¬ 
ple-factor Mendelian scheme. 

Ordinarily the influence of a parent on the progeny is determined 
by a comparison such as the size of the sire with the size of his daugh¬ 
ters. Unfortunately this direct method of comparison is not available 
in the study of inheritance in a character expressed only by one sex. 
The correlation may be determined by the following somewhat in¬ 
direct method. The daughters of a single sire would in any case all 
fall within an array of a correlation table. In normal correlation the 
constants of such an array are related to those of the total array in 
such a manner that the standard deviation of an array within the 
table is equ al to th e standard deviation of the whole population multi¬ 
plied by Vl — r* when r is the correlation sought. 

This correlation, while tedious to calculate, makes it possible to 
determine the relation between two variables, in this case sire and 
daughter, where only one can be measured. The method is subject 
to 1 or 2 assumptions and selective factors which should be recognized 
in the interpretation of the observed facts. In the first place, the 
correlation surface should be normal. Unfortunately this point can¬ 
not be determined, although it is a fair assumption that it is approxi¬ 
mately normal since the tables of daughter with dam, etc., are. The 
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array standard deviations are calculated around the rough observa¬ 
tional means. If these means do not lie close to a straight line corre¬ 
sponding to the regression line, then the correlation coeflSicient found 
by this method is larger than the product moment r. Again, in 
determining the standard deviation of an array, the number of indi¬ 
viduals available materially affects its size. This difficulty may in 
part, and possibly entirely, be overcome by the use of the corrections 
of the standard deviations of small samples as worked out by Student 
(1), Fisher (7), and others (2,30). The probable errors of the correla¬ 
tion coefficients calculated in this matter are partly dependent on the 
number of classes and are fairly large. They are not well worked out. 

There are 208 sires with 10 or more daughters on which standard 
deviations have been calculated. In view of the volume of the data 
it seems inadvisable to list these individually. Each standard devia¬ 
tion was corrected for the influence of the number of daughters as in¬ 
dicated above and the mean obtained, 1,905 pounds for milk yield 
and 0.443 for butterfat percentage. The standard deviation of the 
general population is 2,470 pounds for milk and 0.515 for the butterfat 
percentage. The correlation for milk yield is 0.64 and for butterfat 
percentage 0.51. On the basis of Mendelian inheritance and random 
mating these correlation coefficients are somewhat larger than the 
expected 0.5. However, there are two factors which would tend to 
make this difference. The ancestry of the daughters on the dam’s 
side is not random, for a fair proportion of the daughters of a sire 
have common dams as well as sires, which tends to increase the cor¬ 
relation coefficients. The common environment, feeding, care, and 
management of these cows also serve to make them more alike than 
they would be solely through inheritance. This factor has a more 
pronounced effect in these data than it would have in any ordinary 
correlation table since so much depends on the single variable, daugh¬ 
ter’s production. We can therefore discount somewhat the numerical 
value of these correlations between the sire and daughter when making 
quantitative comparisons with other data. The fact is clear, however, 
that qualitatively the sire exerts a very decided influence on the 
quantity of the milk yield and the butterfat percentage of his daugh¬ 
ters’ daughters. 
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Joint Influence of Sire and Dam on Milk Production and Butterfat 

Percentage 

Full sisters with the same sire and dam would be expected to have 
milk yields and butterfat percentages more nearly alike than would 
half sisters with only a common sire. The Jersey Registry of Merit 
cows show just such a difference. There are 1,924 pairs of full sisters 
in these Jersey records—618 sets of 2, 78 of 3, 15 of 4, and 2 of 5. A 
comparison of the records of one full sisters with that of another is 
shown in table 3. 

The full sisters are essentially the same as the other cows in the 
Registry of Merit in their mean production of milk and percentage of 
butterfat. The standard deviation of the milk yields and butterfat 


TABLE 3 

Comparison of Milk Yield {Pounds) atid Butterfat Percentage of lfi24 Pairs of 
Full Sisters, from the Records of the Jersey Registry of Merit 


Item 

Milk-yield data 

Butterfat percent¬ 
age data 

Average record. 

10,114±43 

2,482±30 

24.6 

5.34±;0.01 

Standard deviation. 

0.511 .006 

Coefficient of variation. 

9.57 

Correlation coefficient. 

0.39=h0.01 

0.41=b .01 


percentages, are like those of the other cows. The correlation co- 
eflSicients show a well-marked relation between the milk yields and 
butterfat percentages of these full sisters. This relation is much more 
pronounced than that found for any item of the cow’s own conforma¬ 
tion correlated with her milk yield or butterfat percentage. It is 
greater than that for half sisters with a common sire. As the sire’s 
influence was shown by the likeness of thelialf sister’s milk and butter¬ 
fat production, so the sire’s and dam’s influence acting jointly is 
shown by these full-sister records. In view of the fact that the envi¬ 
ronment of half sisters is like that of full sisters, it follows that this 
difference can be accounted for only as the contribution of the heredity 
of the dam toward making these half sisters alike in their milk secre¬ 
tion. The facts consequently warrant the conclusion that both the 
sire and dam contribute jointly to the cow’s inheritance for milk pro¬ 
duction and butterfat percentage. 
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From the foregoing data the relation of the production of full sisters 
may be put into equation form: 

Full sister’s milk yield = 6,210 4* 0.386 other full sister’s niilk yield 
Full sister’s butterfat percentage = 3.18 -f" 0.405 other full sister’s butterfat percentage 

As a guide in breeding operations these equations have the same 
utility as those of the half sisters with a common sire. The joint 
effect of the sire and dam is strikingly evident in table 4, where the 
solution of these equations is presented for certain productions. From 
these equations, the reader can obtain any expected production of 
full sisters that may be desired. When the production of the first 
full sister corresponds with any of those given in the table the same 


TABLE 4 

Average Milk Yield {Pounds) and Butterfat Percentage of Full Sisters 


Actual 
milk yield 
of first 
daughter 

Average 
milk yidds 
of 

full sisters 

Actual 
butterfat 
percentage 
of first 
daughter 

Average 

butterfat 

percentage 

of 

full sisters 

Actual 
milkyield 
of first 
daughter 

Average 
milk yields 
of 

full sisters 

Actual 
butterfat 
percentage 
of first 
daughter 

Actual 

butterfat 

percentage 

of 

full sisters 


8,140 

3.5 

4.59 

13,000 

11,228 

5.5 



8,912 

4.0 

WEm 

15,000 



5.61 

9,000 

9,684 

4.5 


17,000 

12,772 

6.5 

5.81 

11,000 

10,456 

5.0 

5.20 

19,000 

13,542 

7.0 

6.01 


answers should be obtained as are given therein. Should the milk 
yield of a cow be 10,000 pounds the expected milk yield of a full sister 
would be 10,000 X 0.386 + 6,210 = 3,860 + 6,210 = 10,070 pounds. 
In like manner the butterfat percentages are also obtained. 

The variation in the productions of individual cows around that 
expected of full sisters as seen in table 4 may be determined in the 
same manner as those derived for the sire. The 50-percent range is 
found to be ± 1,531 pounds for milk yield and ± 0.314 for butterfat 
percentage. The 99-percent range for milk yield is ± 5,895 and for 
butterfat percentage ± 1.203. 

The full-sister correlations for these Jersey cows were 0.39 for milk 
yield and 0.41 for butterfat percentage. Similar correlations have 
been determined for the Holstein-Friesian and the Guernsey breeds. 
These correlations were, for the Holstein-Friesian, 0.55 ± 0.03 for 
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milk yield and 0.46 ± 0.03 for butterfat percentage; for the Guernsey, 
0.41 ± 0.02 for milk yield and 0.44 ifc 0.02 for butterfat percentage. 
The data for these three breeds are consequently not very different. 
Furthermore they are in accord with the hypothesis that the sire and 
dam are jointly responsible for the milk production and butterfat 
percentage of their offspring. The data are also in fair accord with 
the expectation of theoretical inheritance when it is assumed that the 
character of the milk secreted by a cow is determined by multiple 
Mendelian factors and that the population is random bred, as such 
assumptions lead to an expected correlation between full sisters of 0.5 
and between half sisters of 0.25. The actual averages are, for full 
sisters, 0.44 for milk yield and 0.45 for butterfat percentage, and, for 
half sisters with a common sire, 0.24 for milk yield and 0.26 for butter¬ 
fat percentage. 

Influence of Dam on Milk Production and Butterfat Percentage 

The influence of the dam on the milk yield of her progeny may be 
measured in at least two ways—^by determining (1) the relation which 
exists between the records of half sisters when the dam is the common 
parent, and (2) the correlation between the milk produced by the dam 
and that produced by her daughter. The data on the milk yield of 
half sisters with a common dam are presented first. 

There are 1,603 of these sisters groups—1,248 sets of 2, 248 of 3, 80 
of 4, 17 of 5, 5 of 6, and 5 of 7, making a total of 5,644 pairs. Of this 
total, 1,924 pairs are full sisters and must be subtracted, leaving 
3,720 pairs in all. The constants for measuring the relation between 
these half sisters are shown in table 5. 

The half sisters with a common dam produce slightly less milk than 
do either the half sisters with a common sire or full sisters. The 
butterfat percentage of the three groups is practically identical. The 
variation in milk yield is somewhat less than that for the other two 
groups. It is, however, in line with the mean production in that it is 
reduced, thus tending to make the coefficients of variation of the three 
groups the same. The variation in butterfat percentage is practically 
identical with that of the other groups both absolutely and in per¬ 
centage. Characteristically the coefficient of variation in milk yield 
is two and one-half times as much as that for butterfat percentage, 
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indicating that milk yield is relatively much more variable than is the 
proportion of its butterfat. 

The correlation coefficients are, of course, the most important 
feature of table 5 from the breeding point of view. The correlations 
between half sisters of the two kinds (sire or dam in common) are 
distinctly comparable if not exactly the same. Such being the case it 
may be concluded that the sire and dam are equally im[>ortant in 
determining the quantity of milk produced as well as the percentage 
of butterfat of their progeny. This conclusion is further borne out by 
the fact that when the joint influence of the sire and dam is measured 
the correlations are double those obtained when one is measured 
separately, as we should expect if the sire and dam contribute equally 

TABLE 5 


Comparison of Milk Yield (Pounds) and Butterfat Percentage of 3,720 Pairs of 
Half Sisters with a Common Dam, from the Records of the Jersey Registry of 

Merit 


Item 

MiUc-yield data 

Butterfat percent¬ 
age data 

Average record. 

9,882±34 

2,373±25 

23.9 

5.3(3 ±0.01 

Standard deviation. 

.510± .01 

Coefficient of variation. 

9.5 

Correlation coefficient. 

0.19=fc0.01 

.20 ± .01 


to the progeny’s genetic constitution for milk production or butterfat 
percentage. 

These facts are of interest from a slightly different point of view, 
namely, the relative influence of heredity and environment (care, 
management, etc.) in determining the milk yield or butterfat per¬ 
centage of the cow. It seems entirely possible that with any such 
group of cattle as these the milk yield and butterfat percentage of 
half sisters would be as much influenced by their common environment 
as those of full sisters. If such is the case, then the difference in the 
correlations of half sisters and full sisters should measure the extra 
effect of the conunon sire or common dam directly attributable to 
inheritance. The differences between these half and full sisters are 
on the order of 0.18, which would leave but little remaining as the 
influence of the common environment. This point is discussed later. 










526 


INFLUENCE OF INHERITANCE ON MILK PRODUCTION 


The equations for the relations between the milk yields and butter- 
fat percentages of these half sisters from a common dam are: 

Half sister’s milk yield ~ 7,955 -|- 0.195 other half sister’s milk yield 
Half sister’s butterfat percentage ~ 4.28 0k201 other half sister’s butterfat percentage 

Table 6 is based upon these equations, expressing the relation of 
the half sisters’ production for a given production of the cow’s first 
daughter. 

Table 6 shows that half sisters with a common dam resemble each 
other as closely in their milk yield and butterfat percentage as do half 
sisters with a common sire. The likeness of either set of half sisters 
is not so close as that of full sisters. In numerical terms the data 


TABLE 6 

Average Milk Yield {Pounds) and Butterfat Percentage of Half Sisters from a 

Common Dam 


Actual 
milk^eld 
of first 
daughter 

Average 

milk 3 rie]d 

of 

half sisters 

Actual 
butterfat 
percentage 
of first 
daughter 

Average 

butterfat 

percentage 

of 

half sisters 

Actual 
milkyield 
of first 
daughter 

Average 
milk yield 
of 

half sisters 

Actual 
butterfat 
percentage 
of first 
daughter 

Average 

butterUt 

percentage 

of 

half sisters 


8,930 

3.5 

4.98 

13,000 

10,490 

5.5 

5.39 


9,320 

4.0 

5.08 

15,000 

10,880 

6.0 

5.49 


9,710 

4.5 

5.18 

17,000 

11,270 

6.5 

5.59 


10,100 

5.0 

5.29 

19,000 


7.0 

5.69 


show that where one sister has a production of 5,000 pounds her half 
sister by the same sire would be expected to have a production of 
8,884 pounds, her half sister from the same dam 8,930 pounds, and 
her full sister 8,140 pounds. The half sisters have practically the 
same expected milk yields. The full sisters are 760 pounds nearer in 
their production than half sisters with a common sire or half sisters 
with a common dam. A similar situation exists where the production 
of the first cow is high. For a cow with a production of 19,000 pounds 
the half sisters would be expected to produce about 12,000 pounds, 
the full sisters 13,542 pounds. Again the full sisters tend to be more 
alike in their production than half sisters. Similar relationships are 
observed for the butterfat percentage of half and full sisters. 

The standard deviations for the production of the half sisters, when 
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their average record is that indicated by the equation, are 2,298 
pounds of milk and 0.5 percent of butterfat. The ranges necessary 
to include 50 percent and 99 percent of the half sisters on either side 
of this average value are 1,551 and 5,935 pounds for milk yield and 
0.337 and 1.291 for butterfat percentage. 

If the three important dairy breeds, Holstein-Friesian, Guernsey, 
and Jersey, are compared we find the following correlations between 
the half sisters with common dams: Milk yield Holstein-Friesian 0.38 
± 0.03, Guernsey 0.15 ± 0.02, and Jersey 0.19 zfc 0.01; butterfat per¬ 
centage Holstein-Friesian 0.22 ± 0.04, Guernsey 0.19 ± 0.01, and 
Jersey 0.20 ± 0.01. The data for the three breeds are alike in show¬ 
ing a notable resemblance between the production of half sisters with 
a common dam. Full sisters resemble each other more closely in their 
milk yield and butterfat percentage than half sisters. The half 
sisters from a common sire or from a common dam have practically 
the same degree of resemblance. The hypothesis that the sire and 
dam are equally and jointly responsible for the milk production and 
butterfat percentage of their offspring is consequently borne out by 
this comparison. Furthermore the results are in accord with the 
expectation of a random-bred Mendelian population. For such a 
population the relation between full sisters should be measured by a 
correlation coefficient of 0.5, and between half sisters by a correlation 
coefficient of 0.25. Actually for the three breeds averaged together 
the correlation coefficient for the milk yields of full sisters was 0.45 
and that for half sisters 0.24. For butterfat percentage the correlation 
coeflScient was 0.43 for full sisters and 0.23 for half sisters. 

Relation between Milk Yield and Butterfat Percentage of Dams and 

Daughters 

Table 7 shows the relation between the milk production and butter¬ 
fat percentage of daughter and dam. The average milk yield and 
butterfat percentage of the daughters is given for different groups of 
dams, progressing from low-producing to high-producing dams. 
There are 3,753 pairs of these daughter and dam records. 

The average daughters’ production for grades of production of the 
Hams show that as the dams’ milk production increases the average 
daughters’ production also increases. These increases show some 
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irregularities since the figures presented are the actual average pro¬ 
duction and not just the trends as given previously. This average 
production of the daughters as determined from the trend of these 
milk yields shows that for 1,000 pounds increase in the milk yield of 
the dam, the daughter’s average increases 316 pounds. In other 
words, the increase of the daughters is about one-third that of the 
dams. 

The results for butterfat percentage are similar. Dams of higher 
butterfat percentage tend to have daughters that are high in butterfat 


TABLE 7 

Relation between Daughters' and Dams’ Average Milk Yield (Pounds) and Butterfat 
Percentage in 3,753 Pairs of Records 


Num* 
bcr of 
daugh* 
ter- 
dam 
pain 

Dam’s 

n^k 

yield 

Daugh¬ 

ter’s 

mUk 

yield 

Num¬ 
ber of 
daugh¬ 
ter- 
dam 
pain 

Dam's 
butter¬ 
fat per¬ 
centage 

Daugh¬ 
ter’s 
butter¬ 
fat per¬ 
centage 

Num¬ 
ber of 
daugh¬ 
ter- 
dam 
pairs 

Dam’s 

mUk 

yield 

Daugh¬ 

ters 

yield 

Num¬ 
ber of 
daugh¬ 
ter- 
dam 
pain 

Dam’s 
butter¬ 
fat per¬ 
centage 

I 

12 

5,550 

9,830 

2 


ilfl 

64 

15,500 


415 


5.50 

200 

6,500 


1 



36 

16,500 

12,140 



5.62 

578 

7,500 

9,240 

35 

4.1 

4.80 

15 

17,500 



6.1 

5.64 

727 

8,500 

9,540 

89 


4.96 

9 

18,500 


81 


5.78 

772 

9,500 

9,930 

191 



3 

19,500 


48 


5.82 

516 

10,500 


277 


5.04 

3 

21,500 

MRS 

19 

6.7 

5.86 

329 

11,500 

roiHM 

442 


5.16 




13 


5.84 

255 

12,500 

11,190 

545 

5.1 

5.26 




2 


5.20 

159 

13,500 

11,460 

604 

5.3 

5.34 




1 



75 



508 

5.5 

5.44 





m 



percentage, and dams whose butterfat percentage is low tend to have 
daughters whose butterfat percentage is relatively low. Here, again, 
increase of the butterfat percentage of the dam causes only a fractional 
increase in the butterfat percentage of the daughter. The average 
increase of the daughter’s butterfat percentage for a 1 percent increase 
of the dam’s is 0.42 percent. 

The average milk yield and butterfat percentage of the daughters 
are both larger than those of their dams. The variation of the milk 
3 delds of these daughters is also somewhat greater than that of their 
dams. The correlation coefficients for the production records of 
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daughter and dam are both significant and of medium value. The 
constants are given in table 8. 

The fact that the daughters’ production is somewhat higher than 
that of their dams is a matter of some moment if it truly represents 
an increase in yield due to better heredity of the daughters or to a 
better understanding of nutrition. Such a change would indicate 
real progress. Unfortunately the differences cannot be directly at¬ 
tributed to these causes, for the increase in production is also subject 
to other interpretations. The animals tested for Registry of Merit 
might come from a more highly culled class than their dams, a culling 
based on previous production records. Such a culling would account 
for the small difference observed. 


TABLE 8 

Comparison of Milk Yield {Pounds) and Butter fat Percentage of Daughters and Their 
DamSy from the Records of the Jersey Registry of Merit 


Item 

Milk-yield data 

Butterfat percentage data 

Daughter 

Dam 

Daughter 

Dam 

Average record. 

Standard deviation. 

Coefficient of variation. 

Correlation coefficient. 

10,028=b27 

2,420=tl9 

24.1 

9,852±25 

2,285±18 

23.2 

5.35 ±0.01 
.513± .004 
9.6 

5.31 ±0.01 
.518± .004 
9.8 

0.30±0.01 

0.42±0.01 


The relation between the milk yields and the butterfat percentages 
of daughters and dams is shown graphically in figures 1 and 2. The 
irregular line indicates the actual average production of daughters 
for a given production of dams as shown in table 7. The straight 
lines represent the average trend of the data as derived from the 
regression equations. 

Daughters* milk yield = 6,920 -f 0.32 dams* milk yield 
Daughters* butterfat percentage - 3.12 + 0.42 dams* butterfat percentage 

The Standard deviations and coefficients of variation of milk yield 
and butterfat percentage are well within the range of those ordinarily 
found for dairy cattle. The variation of the butterfat percentage is 
proportionately only two-fifths that of the milk yield. 
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The correlation coefficients for milk yield and butterfat percentage 
of daughter and dam show that inheritance plays an important part in 
milk secretion. The degree of relationship is lower for milk yield than 



Fig. 1.—Relation between the milk yields of daughter and dam. Straight line 
represents average trend of the data; solid line connects averages established by 
large volume of data and broken line those established by few data. 



Fig. 2.—Relation between the butterfat percentages of daughter and dam. 
Straight line represents general trend of the data; solid line connects averages 
established by large volume of data and broken line those established by few data. 

for butterfat percentage as determined for these data. A comparison 
of these results with those from other breeds shows that such a dif¬ 
ference does not always occur. The correlation coefficients for the 
milk yield and butterfat percentage of Holstein-Friesian cattle are 
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0.50 ± 0.02 and 0.41 ± 0.02, respectively. The difference is in a 
direction opposite to that found for the Jerseys. The relation between 
the milk yield and butterfat percentage of daughter and dam in the 
Guernseys is in the same direction as that for the Jerseys, 0.36 ± 0.02 
for milk yield and 0.42 ± 0.02 for butterfat percentage. 

The Jersey Registry of Merit cows show a pronounced negative 
correlation between the milk yield of the cow and the butterfat per¬ 
centage of her milk, the larger the milk yield the lower the butterfat 
test of the milk. This correlation is equal to -0.29 ± 0.01 for the 
daughters and —0.27 ± 0.01 for the dams. A slight negative correla¬ 
tion would therefore be expected between the production of the 
daughters and the butterfat percentage of the dams brought about 
by this physiological relationship. Such zero-order correlations are 
actually found; daughter’s milk yield with dam’s butterfat percentage 
equals —0.12 ± 0.01 and daughter’s butterfat percentage with dam’s 
milk yield equals —0.11 ± 0.01. If these correlations are determined 
with the proper daughter’s and dam’s production or butterfat per¬ 
centage held constant, the correlations are less in value. The correla¬ 
tion between daughter’s milk yield and dam’s butterfat percentage 
for a constant butterfat percentage of the daughter and a constant 
milk production of the dam equals 0.08 d= 0.02, and the correlation 
between the daughter’s butterfat percentage and the dam’s milk yield 
for a constant daughter’s milk yield and dam’s butterfat percentage 
equals 0.08 ± 0.02, values which are scarcely significant. The results 
are thus comparable with those of the Holstein-Friesian breed. 

Relation between Milk Yield and Butterfat Percentage of Grandparents 

and Granddaughters 

Two individuals may have none, any, or all of their grandparents in 
common. In 1 combination they may have all grandparents in 
common; in 4 combinations they may have 3 grandparents in com¬ 
mon; in 6 combinations, 2, in 4 combinations 1, and in 1 combination 
none—16 cousin combinations in all. Within a single class the degree 
of genetic correlation will also vary. Those individuals with 4 com¬ 
mon grandparents may have these as the result of a repeated mating 
of the same sire and dam, when they will be full sisters, matings of the 
same sire to full sisters, matings of full brothers to the same cow, or 
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matings of full brothers and sisters. On the basis of multiple-factor 
inheritance for a character and random segregation, the expected 
genetic correlations for such individuals are distinctly ciitferent. 

There are equally significant differences in the c^ner ancestral 
groups. So far as possible an attempt is made to separate these 
genetically different groups. The data of table 9 show the correlations 
between the production of the granddaughters for the different com¬ 
binations of common grandparents. The paternal grandsire is rep¬ 
resented by A, the paternal granddam by B, the maternal grandsire 
by C, and the maternal granddam by D. The first column of table 9 
shows the number of common grandparents for the particular cows 
whose milk yield or butterfat percentage is correlated. The records 
are presented for individuals having 4, 3, 2, and 1 common grand¬ 
parent. The other possible combinations of grandparents had so few 
pairs of granddaughters for comparison that they are omitted from 
the table. The A C D group, for example, had but 66, the BCD 
but 60, etc. 

The comparison of milk production or butterfat percentage of the 
pairs of granddaughters shows the largest correlations for the cows 
that have the largest number of grandparents in common and progres¬ 
sively smaller correlations as the number of common grandparents 
diminishes. When the cows have four grandparents in common 
because of having had the same sire and dam their milk yields or 
butterfat percentages are most nearly alike, as indicated by the 
correlations 0.39 and 0.41. The next highest correlations are found 
where the cows have three grandparents in common, the paternal 
grandsire and granddam being common to both because the sire was 
the same bull. Following these in the degree of their relationship 
are the cows which have all four grandparents in common, the sires 
of these cows being brothers and the dams sisters. The cows which 
have but two grandparents in common show a still smaller correlation 
between milk yields or butterfat percentages. Cows with but one 
common grandparent show the smallest relation between their pro¬ 
ductions. The results of this study are consequently what would be 
expected for an inherited character, namely, that the greater the 
number of common ancestors the greater the degree of resemblance 
between the related individuals. 



TABLE 9 

Corrdation between the Milk Yield (Pounds) or BuUerfat Percentage of Individual Cows Haring the Indicated Rdationskip 
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5,895 

6,104 

6,564 

5,627 

6,169 

6,963 

5,495 
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6,935 

6,011 

6,009 
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6,347 

6,112 

6,053 
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2,676 
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aSv 
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^ A = paternal grandsire; B = paternal granddam; C « maternal grandsire; and D » maternal granddam. 
^ M or F « Milk yield or butterfat percentage of cow having indicated relationship to the first. 
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The number of pairs having the common tors shown in table 
9 is enlightening. There are 609,676 possible pans of cows in these 
data having a common paternal grandsire, .a, x i.. 2 pairs having a 

common paternal granddam, B; 89,764 cows having a common ma¬ 
ternal grandsire, C; and 11,374 having a common maternal granddam, 
D. For the first generation there are 112,390 pairs of cows with 
common sires to 5,644 with common dams. The notably greater dis¬ 
tribution of the sire’s germ plasm is evident. Of the 609,676 pairs 
with common paternal grandsires a third had other common grand¬ 
parents. Of the 144,052 pairs with B in common, 82 percent had 
other common grandparents. In the maternal line 29 percent of 
the cows having a common grandsire had other common grandparents, 
while of the cows with common granddams 72 percent had other 
common grandparents. Some combinations of grandparents are quite 
rare. It is unlikely that two cows would have A C D, B C D, A D, 
or B D in common without having other common grandparents. This 
uneven distribution of grandparents becomes significant in considering 
ancestral correlation for milk yield or butterfat percentage, especially 
when these are obtained by indirect means (ratio of standard deviation 
of daughters of a single sire to the standard deviation of the whole 
population), since the chance of the cows having other ancestors re¬ 
peated besides the sire in question is great. The means and standard 
deviations of the different ancestral groups vary somewhat. The 
variation does not appear to be excessive, however. 

Paternal Granddam 

The effect of the inheritance received from the granddam on the 
granddaughter’s milk secretion may be measured directly by com¬ 
paring the amount of milk secreted by each pair of granddams and 
granddaughters. There are 2,709 pairs of paternal granddams and 
granddaughters for comparison. The data showmg the average 
granddaughters’ records for given productions of the paternal grand¬ 
dams are presented in table 10. 

The general trend of the granddaughters’ production in either milk 
or butterfat percentage for increasing production of the granddams is 
toward somewhat larger values. For 1,000 pounds increase in the 
paternal granddams’ milk yield, the granddaughters’ milk yield in- 
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creases 159 pounds. The increase of the granddaughters is conse¬ 
quently about one-sixth that of the granddams. The results for 
butterfat percentage are similar. In general paternal granddams 
whose butterfat percentage is high have granddaughters with some¬ 
what higher butterfat tests than do granddams whose butterfat per¬ 
centage is low. On an average when there is a 1-percent difference 
in the butterfat percentage of the granddams, the average tests of the 
granddaughters differ by 0.21 percent. These results are shown in 
figures 3 and 4. The constants to measure these are shown in table 11. 

TABLE 10 


Relation between Granddaughters’ and Paternal Granddams’ Milk Yield {Pounds) 
and Butterfat Percentage in 2,709 Pairs of Records 


Pairs of 
nand- 
^ugh- 
ter- 
grand- 
dam 
(num¬ 
ber) 

Pater¬ 

nal 

grand- 

dam’s 

milk 

yield 

Grand¬ 

daugh¬ 

ters 

milk 

yield 

Pairs of 
grand¬ 
daugh¬ 
ter- 
grand- 
dam 
(num¬ 
ber) 

Pater¬ 

nal 

grand- 
dam’s 
butter¬ 
fat per¬ 
centage 

Grand¬ 
daugh¬ 
ters 
butter¬ 
fat per¬ 
centage 

Pairs of 
grand- 
daugh- 
ter- 
grand- 
dam 
(num¬ 
ber) 

Pater¬ 

nal 

grand- 

dam’s 

milk 

yield 

Grand¬ 

daugh¬ 

ter's 

milk 

yield 

Pairs of 
grand- 
daugh- 
ter- 
grand- 
dam 
(num¬ 
ber) 

Pater¬ 

nal 

grand- 
dam’s 
butter¬ 
fat per¬ 
centage 

Grand¬ 

daugh¬ 

ter's 

butter¬ 

fat 

per¬ 

cent¬ 

age 

3 

5,500 

9,600 

10 

4.1 

5.16 

157 

13,500 

11,017 

448 

5.7 

5.44 

88 

6,500 

9,300 

87 

4.3 

5.12 

71 

14,500 

10,424 

195 

5.9 

5.42 

252 

7,500 

9,130 

169 

4.5 

5.06 

94 

15,500 

11,195 

122 

6.1 

5.48 

458 

8,500 

9,479 

118 

4.7 

5.32 

82 

16,500 

11,019 

27 

6.3 

5.56 

311 

9,500 

9,701 

372 

4.9 

5.28 

182 

17,500 

10,815 

34 

6.5 

5.46 

433 

10,500 

10,504 

379 

5.1 

5.28 

20 

18,500 

9,750 

19 

6.7 

5.49 

363 

11,500 

10,173 

305 

5.3 

5.34 

28 

19,500 

10,640 

2 

6.9 

5.91 

167 

12,500 

9,693 

422 

5.5 

5.46 








The supposed changes of domestic breeds of animals since they 
separated from their wild progenitors have furnished presumptive 
evidence for the theory of evolution. The presumed changes in the 
millf yields of dairy cattle have played their part in this argument, a 
part possibly greater than the facts warrant, for records of production 
adequate enough for any real selection are a recent acquisition to 
animal husbandry. It is questionable if prior to our own generation 
there was any selection of dairy stock for breeding which was con¬ 
certed enough to be in any sense effective. The production of the 
paternal granddams when compared with that of the whole Jersey 
breed and with that of the maternal granddams indicates that selec¬ 
tion for larger milk secretion is in progress in the Jerseys. The aver- 
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age milk yield of these paternal granddams i? about 1,100 pounds 
more, that is, one-tenth more than for the average cow in the advanced 
registry. The evidence thus shows that there has been a real selection 
of bulls used for breeding on the basis of the milk-production record 



Fig. 3. —^Relation between the milk yields of granddaughters and paternal 
granddams. Straight line represents average trend of the data; solid line con¬ 
nects averages established by large volume of data and broken line those es¬ 
tablished by few data. 



Fig. 4. —Relation between the butterfat percentages of granddaughters and 
paternal granddams. Straight line represents average trend of the data; solid 
line connects averages established by large volume of data and broken line those 
established by few data. 


of their dams. No such selection has been practiced for the butterfat 
percentage, however, the average butterfat record of the paternal 
granddam being no higher than that of the breed average. The 
selective breeding that is actually practiced emphasizes the milk yield. 
The degree of this selection within the Jersey Registry of Merit ani- 
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mals is greater than it is with a sister breed, the Holstein-Friesian, as 
shown by similar studies of this breed. 

The foregoing data arranged to give the granddaughters’ probable 
milk secretion when they have paternal granddams of known produc¬ 
tion is: 

Granddaughter’s milk yield = 8,286 + 0.16 paternal granddam’s milk yield 

Granddaughter’s buttertat percentage - 4.21 + 0.21 paternal granddam’s butterfat 

percentage 

These equations give the mean production of the granddaughters. 
The variation on either side of this mean necessary to include 50 per- 


TABLE 11 

Comparison of Milk Yield {Pounds) and Butterfat Percentage of Granddaughters 
and Paternal Granddams^ from the Records of the Jersey Registry of Merit 


Item 

Milk'yield data 

Butterfat percentage data 

Grand¬ 

daughter 

Granddam 

Granddaughter 

Granddam 

Average record. 

Standard deviation. 

Coefficient of variation. 

Correlation coefficient. 


ll,146db40 

3,105±28 

27.9 



0.20±0.01 

0.21d:0.01 


cent of the granddaughters from granddams of the same yield is 1,619 
pounds for the milk yield and 0.34 for the butterfat percentage. To 
include 99 percent of the granddaughters, the range is 6,185 pounds 
for the milk production and 1.30 for the butterfat percentage. 

Maternal Granddatn 

The production records of 1,466 granddaughters and the correspond¬ 
ing record for the maternal granddams are shown in table 12. There 
is a definite increase in milk secretion by the granddaughters as the 
milk secreted by the maternal granddam increases. This increase is 
somewhat irregular but the trend is evident. For each 1,000 pounds 
increase in the granddams’ production of milk the granddaughters show 
an average rise of 155 pounds, or about one-sixth of the granddams’ 
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increase. For the butterfat percentage an increase of 1 percent for 
the granddams results in an increase of 0.26 percent in the average 
granddaughters’ butterfat percentage. 


TABLE* 12 


Relatum between Granddaughters’ and Maternal Granddams’ Milk Yield (Pounds) 
and Butterfat Percentage in 1,466 Pairs of Records 


Grand- 

daugh- 

ter- 

grand- 

dam 

pairs 

(num¬ 

ber) 

Mater¬ 

nal 

grand- 

dam’s 

milk 

yield 

Grand¬ 

daugh¬ 

ter's 

average 

milk 

yield 

Grand- 
daugh- 
ter- 
grand- 
dam 
pairs 
(num¬ 
ber) 

Mater¬ 

nal 

grand- 
dam’s 
butter¬ 
fat per¬ 
centage 

Grand¬ 
daugh¬ 
ter’s 
average 
butter¬ 
fat per¬ 
centage 

Grand- 

daugh- 

ter- 

grand- 

dam 

pairs 

(num¬ 

ber) 

Maternal 

grand- 

dam’s 

milk 

yield 

Grand¬ 

daugh¬ 

ter's 

average 

milk 

yield 

Grand- 

daugh- 

ter- 

grand- 

dam- 

pairs 

(num- 

l^r) 

Mater¬ 

nal 

grand- 
dam’s 
butter¬ 
fat i>cr- 
centage 

Grand¬ 

daugh¬ 

ter's 

aver¬ 

age 

butter¬ 

fat 

per¬ 

cent¬ 

age 


17,000 

9,210 

8 

14.2 

4.82 

50 

1 S R 

10,980 

203 

5.5 

5.43 

239 

7,500 

9,990 

27 

4.3 

5.12 

24 

I MR 

KilMlill 

198 

5.7 

5.44 

302 

8,500 


80 

4.5 

5.24 

12 

1XR 

11,000 

123 

5.9 

5.53 

299 

9,500 


107 

4.7 

5.17 

7 

■ MR 


76 

6.1 




10,330 


4.9 

5.26 

15 

■ ||R 


32 

6.3 

5.56 

128 

11,500 

10,380 

167 

5.1 

5.32 

6 

B MB!! 

iBIBR]l 

33 

*6.4 


67 

12,500 


246 

5.3 

5,36 








* Below. 

* Above. 


TABLE 13 


Comparison of Milk Yields (Pounds) and Butterfat Percentage of Granddaughters 
and Maternal Granddams, from the Records of the Jersey Registry of Merit 


Item 


Butterfat percentage data 

Grand¬ 

daughter 

Granddam 

Grand¬ 

daughter 

Granddam 

Average record. 

10,125±45 

2,549±32 

25.2 

9,623±39 

2,236±28 

23.2 



Standard deviation. 

Coefficient of variation. 

Correlation coefficient. *. 

0 .136±0.017 

0.254=b0.016 



The average milk yields and butterfat percentages of the grand¬ 
daughters are somewhat larger than those of the maternal granddams. 
The averages and constants of variation for the 1,466 pairs are given 
in table 13. 




















































JOHN W. GOWEN 


539 


The average milk production of the paternal granddams was more 
than 1,100 pounds greater than the average of all cows that had been 
tested. The evidence was consequently in line with the belief that 
the bulls used as breeders came from dams that produced more than 
the average amount of milk. Such a selection for all animals within 
the ancestry could conceivably affect the production of milk. It is 
a significant fact that the average production of the maternal grand- 
dams, 9,623 pounds, is, if anything, below average rather than above 
it. These cows are probably not so far below the breed average as 
would appear from the figures, for an increase in recorded production 
has been going on within the Jersey Registry of Merit for some time. 



Fig. S.—Relation between the milk yields of granddaughters and maternal 
granddams. Straight line represents average trend of data; solid line connects 
averages established by large volume of data and broken line those established 
by few data. 

owing possibly to better breeding or perhaps to a better understand¬ 
ing of those factors that make for a high test record and to a more 
stringent selection of the animals that enter the test. Such an increase 
would make the lower producing maternal granddams, since they 
would be one decade removed, really average-producing cows for the 
breed. The conclusion is therefore warranted that the cows selected 
for paternal granddams are a highly selected group while the maternal 
granddams are not more than average cows. As the data on the 
inheritance of production all point to the fact that the sire’s side and 
the dam’s side of the pedigree are equally important in determining 
the milk production of their progeny, and as the maternal granddams 
are no better than breed average in production, it is apparent that no 
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selection of the higher producing cows for breeders has been practiced. 
Good breeding practice calls for a selection of better producing ma¬ 
ternal granddams. The butterfat percentages of the granddaughters 
and the granddams are essentially tjie same. Furthermore they are 
practically the same as those found for the average of all the advanced 
registry. These facts point to the conclusion that the breeding of 
Jersey cows for butterfat percentage is practically at random. 

The average production of the granddaughters for a given produc¬ 
tion of the maternal granddams is shown graphically in figure 5 for 
milk yield and in figure 6 for butterfat percentage. The straight 



MATERNAL CRANOOAM'S BUTTERFAT PERCENTAGE 
Fig. 6.—Relation between the butterfat percentages of granddaughters and 
maternal granddams. Straight line represents average trend of data; solid line 
connects average established by large volume of data and broken line those es¬ 
tablished by few data. 

lines which represent the average trend of the data are derived from 
the following equations; 

Granddaughter’s milk yield • 8,633 -f- 0.16 maternal granddam’s milk yield 

Granddaughter’s butterfat percentage <> 4.00 -b 0.26 maternal granddam’s butterfat 

percentage 

These equations, like others presented, simply represent average 
trends. The variation necessary to include 50 percent of the daugh¬ 
ters around this average is 1,722 pounds of milk and 0.35 percent of 
butterfat on either side of this average value. The range necessary 
to include 99 percent of the granddaughters having maternal grand¬ 
dams of a single grade of production is 6,539 pounds of milk or 1.33 
percent of butterfat on either side of this production. 
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The relative contributions of the paternal and maternal granddams 
to the productivity of the granddaughter are important. A com¬ 
parison of the records of maternal granddams found in this section 
with those shown in the section on paternal granddams gives the im¬ 
pression that the effects of these two grandparents are essentially 
alike. The coefficients of correlation for a grandparent and the grand¬ 
child for any Mendelian character dependent on multiple factors for 
its expression would be expected to equal 0.25 if the breeding has been 
at random within the group of animals studied. The data just pre¬ 
sented show that there has been but little selective breeding within 
the Jerseys so far as the maternal granddams are concerned. The 
correlation coefficient between the maternal granddam’s milk yield 
and that of the granddaughter is consequently only about half the 
value that would be expected, 0.136 to 0.25. The value of the cor¬ 
relation coefficient for the butterfat percentages, 0.254, is as expected. 

The correlation coefficients for the paternal granddams’ and grand¬ 
daughters’ milk yields and butterfat percentages were, respectively, 
0.2 and 0.21. The paternal granddams showed a slightly larger cor¬ 
relation coefficient for milk yield and a slightly smaller coefficient for 
butterfat percentage than did the maternal granddam. The results 
throughout are of the same general order of magnitude. From these 
results it may be concluded that the influence of the paternal and 
maternal granddams on the granddaughters’ milk yield and butterfat 
percentage is of nearly equal value; in other words, the contribution 
of these animals to the granddaughters’ inheritance is practically the 
same. This conclusion is strengthened by a comparison of the results 
from the three breeds, Holstein-Friesian, Guernsey, and Jersey. In 
all casps the two types of grandparents are about equally important. 
In terms of correlation these relations for granddaughters’ and grand¬ 
dams’ records are, for milk yield: Paternal granddam, Holstein- 
Friesian, 0.26 ±0.04; Guernsey, 0.16 ±0.07; and Jersey, 0.20 ± 
0.01; for the maternal granddam, Holstein-Friesian, 0.31 ± 0.05; 
Guernsey, 0.20 ± 0.02; and Jersey, 0.14 ± 0.02. Similar results were 
obtained from a study of the butterfat percentages. For the Holstein- 
Friesian, Guernsey, and Jersey breeds, the butterfat percentages of 
the paternal granddams are correlated with those of their grand¬ 
daughters to the following extent: 0.09 ± 0.04, 0.15 ± 0.07, and 
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0.21 d: 0.01. The maternal granddams’ butterfat percentages are 
correlated with their granddaughters’ as follows: Holstein-Friesian, 
0.19 d= 0.05; Guernsey, 0.20 ± 0.02; and Jersey, 0.2.S ± 0.02. The 
average correlations of the grandparents with those of the grand¬ 
daughters are, for milk yield, 0.21, and for butterfat percentage, 0.18. 

If these average correlations for the grandparents are compared 
with the average correlation of the daughters and their dams as given 
earlier, 0.45 for milk yield and 0.42 for butterfat percentage, they 
are seen to be nearly half the value. This is as it should be if the 
inheritance of the characters milk yield and fat concentration in the 
milk are dependent upon multiple Mendelian factors assorting at 
random. 


Assortive Mating 

With milk and its products occupying such an important place in 
the economic structure of our agriculture, it would seem that there 
would be a definite tendency on the part of breeders of dairy cattle 
to mate like individuals. The actual amount of such assortive mating 
has an interest to all students of breeding because it measures the 
effective selection and breeding which is taking place within dairy 
cattle for a given character. If selection with assortive mating is 
to be a real force in molding the characteristics of the breed, several 
points must be kept in mind. First and foremost, the sires to be used 
in the different herds must, in large part, come from superior parents. 
As already shown, many of the Jersey sires meet this qualification. 
Such sires should then have the best mates which the breed affords. 
Some measure of the amount of this selective breeding may be had 
by relating the milk yield of the sire’s dam with the milk yield of the 
cows to which he is bred. This information is given in table 14. 

There are 1,375 sires whose dams’ production is known bred to 
cows whose own production records are known. In the terminology 
of this study, since it is based on the daughters, these ancestors have 
the relation paternal granddam to dam in the pedigrees. The data 
of table 14 show that there is a fair relation between the production of 
the paternal granddams and that of the dams. Sires with dams 
having larger milk yields tend to be bred to cows which are themselves 
better than average in production. For every 1,000 pounds of milk 
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increase in the paternal granddam’s production, there is an increase of 
140 pounds in the production of the dams. 

The facts are different for the butterfat percentages. There is 
practically no relation between the paternal granddams’ butterfat 
percentages and those of the dams. 

TABLE 14 


Relation between Dam’ and Paternal Granddam' Milk Yield {Pounds) and Butter- 
fat Percentage in 1^375 Pairs of Records 


Dam< 

paternal 

grand¬ 

dam 

pairs 

(num¬ 

ber) 

Pater¬ 

nal 

grand¬ 

dam’s 

milk 

yield 

Dam’s 

average 

milk 

yield 

Dam- 

paternal 

grand¬ 

dam 

pairs 

(num¬ 

ber) 

Pater¬ 

nal 

grand¬ 

dam’s 

milk 

yield 

Dam’s 
butter¬ 
fat per¬ 
centage 

Dam- 

paternal 

grand¬ 

dam 

pairs 

(num¬ 

ber) 

• 

Paternal 

grand- 

dam’s 

milk 

yield 

Dam’s 

average 

milk 

yield 

Dam- 

paternal 

grand¬ 

dam 

pairs 

(num¬ 

ber) 

Pater¬ 

nal 

grand¬ 

dam’s 

milk 

yield 

Dam’s 

butter¬ 

fat 

per¬ 

cent¬ 

age 

45 

17,000 

8,830 

51 

14.4 

5.39 

82 

13,500 


262 

5.7 

5.39 

103 

7,500 

9,520 

84 

4.‘5 

5.22 

37 

14,500 

9,580 

83 

5.9 

5.42 

246 

8,500 

9,440 

62 

4.7 

5.37 

65 

15,500 

10,810 

61 

6.1 

5.42 

131 

9,500 

9,770 

193 

4.9 

5.30 

42 

16,500 

10,600 

9 

6.3 

5.59 

210 

10,500 

10,110 

188 

5.1 

5.39 

138 

17,500 

10,790 

15 

6.5 

5.33 

165 

11,500 

10,140 

160 

5.3 

5.38 

30 

*18,000 

11,200 

10 

6.7 

5.36 

81 

12,500 

10 230 

197 

5.5 

5.33 








^ Below. 
* Above. 


TABLE 15 

Comparison of Milk Yield {Pounds) and Butterfat Percentage of Paternal Granddams 
and DamSj from the Records of the Jersey Registry of Merit 


Item 

1 Milk yield data 

Butterfat percentage data 

Granddam 

Dam 

Granddam 

Dam 


11,526±61 

3,33!6±43 

28.9 

10,042±45 

2,491±32 

24.8 

5.31it0.01 
.49=h .01 
9.2 

5.36db0.01 
.49=1= .01 
9.1 

Hpviatinn . 

nf vnriation. 

r^nrrplQ f?r»Ti PnpfllPlPnt. 

0.20±0.02 

0.06±0.02 



The average milk yield and butterfat percentage of these two 
groups, together with their variations and correlations are shown in 
table 15. 

As indicated earlier, the milk yield of the paternal granddams is 
considerably larger than that of the rest of the breed. Their butter- 












544 INFLUENCE OP INHERITANCE ON MILK PRODUCTION 


fat percentages are but average, however. The dams’ production 
and butterfat percentage are comparable to those of the rest of the 
breed. The correlation coefficient for the milk yields of tlicae two 
ancestors is 0.20 ± 0.02 and for the butterfat percentage? 0.06 db 
0.03. Consequently the data show a little assortive mating for milk 
yield but none of any consequence for butterfat percentage. The 
correlations for these ancestors in the Jersey pedigrees are just a little 
higher than those for other breeds. The correlations for the paternal 


TABLE 16 


Relation between the Paternal and Maternal Granddams' Milk Yield (Pounds) and 
Butterfat Percentages in 1,146 Pairs of Records 


Paternal and 
maternal grand- 
dam, pairs 
(numW) 

Paternal nand- 
dam’s milk yield 

Maternal 
granddam*8 
milk yield 

Paternal and 
maternal grand- 
dam, ^rs 
(numoer) 

Paternal grand- 
dam’s butter¬ 
fat percentage 

Maternal grand- 
dam’s butter¬ 
fat percentage 

18 

‘7,000 


21 


5.05 

24 

7,500 


28 


5.37 

99 

8,500 

9,560 

27 


5.22 

40 

9,500 

9,250 

57 

4.9 

5.37 

81 

10,500 

10,120 

65 

5.1 

5.35 

63 

11,500 

10,010 

57 

5.3 

5.41 

34 

12,500 

9,740 

75 

5.5 

5.37 

27 

13,500 

10,200 

128 

5.7 

5.38 

11 

14,500 

10,680 

29 

5.9 

5.60 

25 

15,500 

10,660 

21 

6.1 

5.44 

14 

16,500 

10,140 

14 

*6.2 

5.36 

75 

17,500 

9,850 




11 

18,000 

10,230 





‘ Below. 
* Above. 


granddams and dams are: Holstein-Friesian, 0.14 ± 0.06 for milk 
yield and 0.001 ± 0.061 for butterfat percentage; and Guernsey, 0.13 
± 0.02 for milk yield and 0.01 db 0.02 for butterfat percentage. The 
probable errors show that the values are comparable. 

Another measure of assortive mating as practiced in Jersey cattle 
breeding is the relation between the records of the paternal and 
maternal granddams. The average milk yields and butterfat per¬ 
centages of the maternal granddams for given yields of the paternal 
granddams are seen in table 16. There are 1,146 pairs of paternal 
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and maternal granddams in the pedigrees of these Jersey cattle. A 
slight trend is noted in the relation of the milk yields, but there is no 

irticular change in the butterfat percentages of these grandparents. 
'Ihe data showing the variations and correlations of the two groups 
are given in table 17. 

The selection of the sires on the basis of the record of their dams 
is again evident in these data; these cows producing 2,000 pounds of 
milk more than the dams of the cows to which the sires wiU be bred. 
These cows are not selected for their butterfat percentage. The 
standard deviation of the paternal granddams’ milk yield has like¬ 
wise markedly increased, the increase being correspondingly greater 


TABLE 17 

Comparison of Milk Yield {Pounds) and Butterfat Percentage of Paternal and 
Maternal Granddams, from the Records of the Jersey Registry of Merit 


Item 

Milk-yield data 

Butter at percentage data 

Paternal 

granddam 

Maternal 

granddam 

Paternal 

granddam 

Maternal 

granddam 

Average record. 

Standard deviation. 

Coefficient of variation. 

Correlation coefficient. 

ll,847dbl02 
3,464db 72 
29.2 

9,807=h70 

2,366=fc49 

24.1 

5.34±0.01 
.50=1= .01 
9.4 

1 

5.37±0.01 
.46=b .01 
8.6 

0.12d:0.03 

0.13±0.03 


than the average milk yield, as shown by the larger coefficient of 
variation. The correlation coefficient for the milk yields of these 
granddams is statistically significant, showing that there is some 
assortive mating. 

The degree of assortive mating in Jersey breeding as it is now 
practiced is essentially the same as that noted in the Holstein-Friesian 
and Guernsey breeds. The relations between the milk production 
and butterfat percentage of the dams and paternal granddams in 
these two breeds were found to be essentially like those given above, 
viz, 0.14 ± 0.06 and 0.13 d= 0.02 for milk yield and 0.00 ± 0.06 and 
0.01 ± 0.02 for butterfat percentage. The similarity is also carried 
to the paternal and maternal granddam relations, the correlations 
being, for Holstein-Friesian, 0.30 ± 0.09 for milk yield and 0.04 ± 
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0.09 for the butterfat percentage, and Guernseys 0.10 db 0.03 for 
milk yield and 0.12 ± 0.03 for butterfat percentage. 

These assortive mating coefficients are all low. They are com¬ 
parable to those recorded by Pearson and Lee (18) for stature, span, 
and forearm length in man. They are somewhat lower than those 
noted for weight, height at withers, depth at withers, heart girth, 
and paunch girth in a similar group of cows in this same Jersey breed, 
and they are much lower than those noted for the width at hips, body 
length, and rump length of Jersey cattle (16), The Jersey cattle, 
and quite possibly other breeds, are in the anomalous position of 
having the emphasis placed on their conformational points, the fancy 
points, rather than on the milk yield or butterfat percentage, the 
economic points in their breeding. 

Relative Influence of Heredity and Environment on Milk Yield and 

Butterfat Percentage 

The correlation coefficients for the different ancestral combinations 
furnish the material from which an estimate may be obtained of the 
relative importance of the effects of heredity and environment on 
milk production and butterfat percentage. Since the parents of a 
cow are reared to maturity some years before the animal^s own growth 
period it is evident that the environment of the parent and offspring 
are likely to be quite different. Full and half sisters, on the other 
hand, are likely to be raised together at the same period of their 
development. Such being the case, the environmental influences of 
similar feeding, care, etc., would tend to make them alike. The 
effect of the similarity in conditions surrounding these sisters is repre¬ 
sented in Wright’s (25, 26, 27, 28, 29) terminology by e^. The effect 
of heredity he calls h^, and the determination of heredity by dominance 
deviation d^, in the correlation between genotypes of different mates. 
The effects of the common environment and of dominance could 
theoretically be combined in all gradations. The analysis of the 
limiting cases (1) assuming dominance to be nonexistent, and (2) 
assuming the environmental effect to be absent is much simpler, 
however. By comparing the results of these analyses it is possible 
to determine the effect of each variable on the milk secretion and 
butterfat percentage of the Jersey cow. The correlations presented 
lead to the following equations: 
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Assertive mating is somatic and genetic factors are without 
dominance: 


tn 

“ r*, =• 1/2A*(1 + r«i) 

(1) 

Too “ 1/2A*(1 + w) + c* Too « 1/4A»(1 + 2m 4- mO + , 

where s = sire, d = dam, o = daughter, = sister, and oo^ = half 
sister. 

Assortive mating as above but with genetic factors showing domi¬ 
nance and no effect of environment: 

"" A*(l — ** * 1/2A*(1 — e/*)(l + ftd) 

/ ® 
- 1/2A*/ 1 - - j(l + «) rl.l/4A»(l - i»)(l + 2»» + «») 

Assertive mating is genetic and no dominance of factors, environ¬ 
ment as before: 

r,j >■ h*m fu = fi, = 1/2A*(1 + m) 

(3) 

foo = l/2/»»(l + w) + fj, = 1/4A«(1 + 2m + «>) + ^ 

The numerical data necessary to complete this analysis as taken 
from the material previously presented are as follows: Correlation 
coefficients for the relation of the milk yields or butterfat percentages 
of half sisters with a common sire 0.24 and 0.25, sisters 0.39 and 0.41, 
half sisters with a common dam 0.19 and 0.2, daughter and dam 0.3 
and 0.42. The assortive mating correlation between the sire and dam 
remains to be determined. The fact that the correlations between 
parent and offspring are 0.3 and 0.42, those between the paternal 
granddam and dam are 0.2 and 0.06, and those between the paternal 
and maternal granddams are 0.12 and 0.13, shows that the assortive 
mating correlations between the sire and dam are approximately 
0.07 for milk yield and 0.01 for butterfat percentage. These correla¬ 
tions give the following values (table 18) for measuring the effect 
of dominance (d®) and of variations in heredity (A®) and environment 
(e*), etc., on the Jersey cow’s milk secretion and butterfat percentage. 

The analyses of the data on the interrelation of the daughters’, 
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parents’, and sisters’ milk secretion allow us to form some estimate 
of the effects of inheritance, environment, and differences in dominance 
on the observed variation in milk yield and butterfat percentage. 
The analytical material tabulated presents the extreme hypotheses. 
Possibly these hypotheses could be modified and combined in all 
gradations between these extremes. The results from such combina¬ 
tions would be intermediate, however, so that conclusions reached on 
the basis of this material would be essentially correct for such inter¬ 
mediate hypotheses. 


TABLE 18 

Values for Measuring the Effect of Dominance and of Variations in Heredity and 
Environment, etc., on Milk Secretion and Butterfat Percentage of Jersey Cows 


Item 

h* 

e> 

m 

mi 

Hypothesis (1): 





Milk yield. 

0.56 

0.10 

0.04 

-0.21 

Butterfat percentage. 

.83 

-.01 

.01 

.09 

Hypothesis (2): 





Milk yield. 

.96 


.04 

.49 

Butterfat percentage. 

.79 


.01 

.04 

H3rpothesis (3): 





Milk yield. 

.53 

.09 

.13 

-.28 

Butterfat percentage. 

.83 

-.01 

.01 

.08 


The conclusions reached by hypothesis (1), assortive mating based 
on somatic resemblance and genetic factors without dominance, and 
(3), assortive mating genetic and no dominance of factors, are essen¬ 
tially the same, both qualitatively and quantitatively. Variations in 
heredity accounted for about half of the observed variations in milk 
yield and four-fifths of the observed variations in butterfat percentage. 
Environmental variations which have a common effect on the sisters’ 
milk yield account for but 10 percent of the variation. On general 
groimds this slight effect of environment seems too little, but such 
may not be the case since the cows which are to make the Registry 
of Merit are apt to have a more uniformly good environment than 
possibly the majority of cows in the breed. The minus value of the 
correlation between the genotypes of the sire’s mates appears to be 
contrary to what would be expected for the Jerseys since these mates 
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would tend to be positively correlated on two grounds, namely, that 
they are apt to be related genetically, and that what selection is 
practiced is in the direction of making the cows similar in production. 
This contradiction is further emphasized by the correlation actually 
observed for the milk production (r = -f. 0.17) and butterfat per¬ 
centage (r = 0.15) of the sire’s mates. A fairly large probable error 
is to be attached to the —0.28 observed, however, so that it may not 
be significant. Other than this discrepancy, the results of both 
analyses look quite reasonable. 

Wide crosses of low and high milk-producing breeds have furnished 
definite evidence of the partial dominance of high milk production 
{6, 8, 9, 10, 19). If partial dominance does exist we should expect 
that hypothesis (2) would lead to a fair portrayal of the conditions 
in the breeding of these Jerseys. This analysis indicates that heredity 
determines 96 percent of the variation in milk yield and 79 percent 
of that in butterfat percentage. The assertive mating coefficients 
between the sire and cows to which he is bred are low for both the 
milk yield and butterfat percentage. The correlation for the sire’s 
mates is positive and fairly large for milk yield, a fact that might be 
expected from a general knowledge of the Jersey breed. The same 
correlation for the butterfat percentage is low. These correlations, 
on the whole, agree better with those observed, 0.17 and 0.15, than 
in the two previous hjqwtheses. The effect of the dominance ratio 
is rather high. It does agree with the data on the crosses of breeds 
widely different in milk yield in showing more effect of dominance on 
milk yield than on butterfat percentage. 

The probability seems to be that the hypothesis which would most 
nearly meet the conditions in these Jerseys is intermediate between 
those discussed. If this is so, it may be concluded that the inherit¬ 
ance of the cow controls between 50 and 70 percent of the variation 
in TYiillr yield and between 75 and 85 percent of the variation in 
butterfat percentage. The effect of environment on milk yield is 5 
to 10 percent. There is little relation between the sire’s genotype 
and the genotypes of the cows to which he is bred, but there is a fair 
relation between the genotypes of these cows. Finally, the effect of 
dominance of genes for milk yield is fairly well marked, whereas that 
for genes for butterfat is small. 
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Heredity is even more prominent in the results from a similar 
analysis of the relations between the granddaughters, grandparents, 
and various cousin combinations. These analyses show that heredity 
accounts for 78 percent of the variation in milk yield and 95 percent 
of the variation in butterfat percentage. The effect of environment 
on the milk yield of the cousins was 13 percent, whereas that for the 
butterfat percentages was but 2 percent. 

The genetic correlations between the genotypes according to hy¬ 
pothesis (1), assortive mating somatic without dominance, and hy¬ 
pothesis (3), assortive mating genetic without dominance, lead to 
much the same values. Determined on the basis of hypothesis (1), 
the parent and offspring correlations for milk yield and butterfat per¬ 
centage are 0.54 and 0.51, respectively, the sister correlations are 
0.52 and 0.50, respectively, and the half-sister correlations are 0.22 
and 0.28. Determined on the basis of hypothesis (3), the same cor¬ 
relations are 0,56 and 0.51 for the parent and offspring and sisters and 
0.25 and 0.28 for the half sisters. Again there is remarkable agree¬ 
ment between the results, either hypothesis apparently being adequate 
to explain them. The view consequently appears justified that the 
variation in the milk yields of these Jersey cows is largely due to 
heredity, environment playing but a small part. The theory that 
some of the factors for high milk yield show partial dominance also 
receives some slight suppxDrt from this analysis. In the control of the 
variation of the butterfat percentage, heredity is the major factor, 
environment or dominance having little effect. 

DISCUSSION 

In the preceding section an attempt has been made to give definite¬ 
ness to the terms ‘‘inheritance of milk yield’’ and “butterfat per¬ 
centage” insofar as they relate to Jersey Registry of Merit cattle. 
The multiplicity of factors which have been shown to affect milk 
secretion have sometimes been allowed to cloud this issue. While 
the milk record of a cow is presumably the product of such independ¬ 
ent characters as body constitution, good mammary-gland capacity, 
adequate secretory tissue, disease resistance, and breeding ability, 
and such environmental variables as adequate food for the full ex¬ 
pression of the animals’ inherent constitution for growth and pro¬ 
duction (i5, pp. 512-513), so are most other inherited characters. 
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From the data in this paper it has been possible to separate roughly 
the variation of environment and the variation of the inheritance as 
they have influenced the milk secretion of these Jersey Registry of 
Merit cows. The analyses of these effects lead to the conclusion that 
the variations in feeding, care, and management of the cows, insofar 
as they are common to such close relatives as sisters, are much less 
important than those of heredity. The effect of the environment 
which is common only to the cow herself is more important than the 
environment common to sister cows. For milk yield the inheritance 
of the cow was found to control 50 to 70 percent of the variation in 
production; the environment common to sisters, 5 to 10 percent, and 
factors (some hereditary, such as dominance, and some environmental) 
common only to the cow herself, 20 to 45 percent. For the butterfat 
percentage the inheritance controls 75 to 85 percent of the variation, 
the environment common to sisters has no apparent effect, and the 
influences common only to the cow herself control 15 to 25 percent. 
Similar data obtained by the writer {11, 13, 14) on the Holstein- 
Friesian and Guernsey breeds led to similar conclusions. 

The contribution which inheritance makes to the variation in the 
milk yields of these Jersey cows may itself be separated and the parts 
contributed by the various ancestors may be allotted to them. In¬ 
dividually considered, the immediate parents are found to contribute 
most, the effect of the sire’s and dam’s contribution to the daugh¬ 
ter’s milk secretion being essentially the same. No evidence that 
one parent consistently dominated the production of the offspring was 
found. The level of production which any cow has is the resultant 
of the interaction of the genes transmitted to it by its parents. The 
variation in the productions of the daughters of any pair of parents 
seems to be accounted for by the chance at segregation and fertiliza¬ 
tion of the factors contained in the daughter’s sire and dam. The 
parents’ genetic constitution thus has an average value for milk pro¬ 
duction as well as a prescribed range which it may transmit to its 
progeny, the factors transmitted by the male having an equal effect 
or ^‘potency” with those transmitted by the female. This conclusion 
does not mean, as some have interpreted it, that the offspring of any 
given mating will have daughters whose milk yield will take a single 
value, a mean between the two parental productions; chance at 
maturation and segregation of the genes precludes that. The milk 
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yield of the daughters, provided they are sufficient in number, will 
rather approach an average value determined by the genes possessed 
by the two parents, and will have a variation fixed by the segregation 
of their parents’ heterozygous genes. 

The correlation coefficients between the milk production of daugh¬ 
ters and dams are 0.30 ± 0.01 for milk yield and 0.42 ± 0.01 for 
butterfat percentage. These coefficients are comparable to those for 
the Holstein-Friesian, 0.50 ± 0.02 for milk yield and 0.41 ± 0.02 for 
butterfat percentage, and for the Guernsey, 0.36 ± 0.02 and 0.42 ± 
0.02. Similar daughter-dam correlations on butterfat yield have been 
noted by Turner (33) for Guernseys, 0.30, and for Jerseys (34), 0.35 
± 0.01; by Gifford as reported by Turner (34), for Ayrshires, 0.25 db 
0.02; Agar (3), for the Red Poll, 0.24 ± 0.06, and by Copeland (4) for 
Jerseys, 0.40 rfc 0.03. Heizer (17), studying the records of a pure¬ 
bred Ayrshire herd, obtained daughter-dam correlations of 0.51 ± 
0.03 for milk yield and 0.59 ± 0.02 for butterfat percentage. While 
certain of these correlation coefficients are statistically different from 
one another, their general trend points to a correlation between the 
daughter-dam milk yields or butterfat percentages of the different 
groups of dairy cattle of 0.4. 

In a study of the daughter-dam correlations for eight different 
measurements of conformation in Jersey cattle (15), correlations of 
0.37 were obtained between their estimated weights; 0.40 between 
their measured height at withers; 0.32 depth at withers; 0.42 heart 
girths; 0.35 paimch girths; 0.59 width at hips; 0.49 body length; and 
0.64 rump length. These correlations, in contrast to those for milk 
yield, are influenced materially by a large assortive mating between 
the sizes of sire and dam. The data considering this assortive mating 
are comparable with those for milk yield and butterfat percentage as 
presented above. 

Data quite similar to those contained in table 9 have been presented 
for Scottish A 3 rrshires (30, 31, 33). These data show the variance of 
the differences in production of the given pairs of ancestors rather 
than the correlation coefficients, a measure which leads to identical 
conclusions with the intraclass correlations. These variances for the 
butterfat percentage of granddaughters having A as the common 
grandparent are practically the same as those for granddaughters 
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having C as the common grandparent. This fact is interpreted as 
showing that butterfat is autosomal in its inheritance. The earlier 
data on the butterfat percentage of the Holstein-Friesian and Guern¬ 
sey breeds {11, 13, 14) have likewise been interpreted as leading to 
the same conclusion. The Jersey data in table 9 supjxjrt this view. 
The variances in milk yields of these Ajnrshires with A as the common 
grandparent are twice as large as those with C eis the common grand¬ 
parent. From this fact it is suggested that sex-linked factors for 
noilk production may be present. There are, however, distinct con¬ 
tradictions to this interpretation within the data when taken as a 
whole. Data on the Holstein-Friesian cousins do lend some support 
to the sex-linked theory, although here, too, contradictions exist. 
The data in table 9 do not support the sex-linked hypothesis for the 
Jersey Registry of Merit cows. Similar data on the Guernsey breed 
likewise lend no support to it. 

The data on the grandparents of these Jersey Registry of Merit 
cows show that, considered individually, the correlation between 
their milk yields and butterfat percentages and those of their grand¬ 
daughters is only about half that of a parent production correlated 
with the production of the daughter. These grandparental correla¬ 
tions average about 0.2 while those of the parents average 0.4. In 
forecasting the record of a daughter, the record of a parent is four 
times as accurate as that of a grandparent, if we think of the degree 
of control as the square of their correlation coefficients. When the 
record used for forecasting a future cow’s milk yield is that of a grand¬ 
parent, the hazard evidently becomes much greater. This fact is 
emphasized in a recent paper by Edwards (5) in which the trans¬ 
mitting ability of a group of sires is compared. The production rec¬ 
ords of the dams of three sires in the same herd were given. The 
sire whose daughters had the largest production had the dam of lowest 
milk yield. His daughters’ milk yield was 1,000 pounds higher than 
that of their dams, while that of sire 2’s daughters was 4,350 poimds 
less t han their dams, and that of sire 3’s daughters was 3,510 pounds 
less. While this is a selected, and therefore striking case, not com¬ 
parable with the average result, it is by no means unexpected in view 
of the grandparental correlations derived in this paper and in former 
papers as cited above. It seems to emphasize the fact that the diffi- 
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culties surrounding the selection of a sire almost require that the 
constructive breeder raise and test his breeding bulls in his own herd. 

The data in this paper demonstrate the inheritance of both the 
quantity of secretion which a gland manufactures and the proportion 
of a specific constituent of this secretion. An active gland may thus 
secrete a large volume of fluid, but this fluid may have a fairly wide 
variation in the percentage composition of its constituents. Similarly 
a gland of less active appearance may secrete a fluid which is highly 
concentrated, making its total secretion of the given constituent even 
greater than that of the apparently more active gland. 

SUMMARY 

This paper presents a study of the inheritance of milk yield and 
butterfat percentage in about 14,000 Jersey Registry of Merit cattle. 
The records of production are all of 364 to 366 days in length and are 
corrected to the production expected at maturity as judged by the 
cows’ record obtained at another age. Parent and offspring, grand¬ 
parent and offspring, sistership and cousinship correlations are pre¬ 
sented. These correlations show that inheritance accounts for about 
half the observed variation in milk yield and four-fifths of the ob¬ 
served variation in butterfat percentage. The environmental varia¬ 
tions which exist in these Jersey records account for little of the 
variation in the butterfat percentage and for only 10 percent of the 
variation in the milk yield. Dominance, assortive mating, and en¬ 
vironmental variation common only to the cow herself account for 
the rest of the fluctuations in the yields and butterfat percentages. 
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There have been many reports of inheritance of resistance to in¬ 
fection with virus diseases in plants. The following may be cited as 
examples. Allard (1, 2) noted that the hybrid Nicotiana tabacum 
L. X glutinosa LJ failed to show the mottling which is characteristic 
of N, tabacum when infected with tobacco mosaic, responding instead 
with necrosis like that of N, glutinosa. Smith (12) crossed mosaic- 
susceptible commercial varieties of spinach with a Manchurian spinach 
which escaped mosaic in the field, and found that resistance to infec¬ 
tion was transmitted to the hybrid seedlings, and could be strength¬ 
ened by selection among the hybrid strains. Lesley (8, 9) observed 
a tendency to escape curly-top infection in certain dwarf tomato 
varieties. He failed to transmit this tendency to standard, i.e.^ non¬ 
dwarf, progenies after hybridization of resistant dwarfs with sus¬ 
ceptible commercial varieties of standard habit, but recovered it in 
dwarf strains derived from hybrids. Bennett (3), in studying alpha- 
curl virus in the hybrid raspberry variety, Columbian, found recovery 
from disease symptoms, with disappearance of virus and renewal of 
susceptibility. It was believed that this hybrid was a seedling from 
the susceptible variety Cuthbert, pollinated by the immune variety 
Gregg. Mackie and Esau (10) reported resistance to curly top par¬ 
tially correlated with red color in bean hybrids. Porter (11) found 
hybrids between mosaic-resistant Chinese Long cucumbers and com¬ 
mercial susceptible strains to be susceptible, but less stunted than the 
susceptible parents. 

^ Published at the expense of The Rockefeller Institute for Medical Researcl 
out of the order determined by the date of acceptance of the manuscript. 

* Nicotiana glutinosa was referred to by Allard as Nicotiana viscosum. 
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LOCALIZING TOBACCO-MOSAIC VIRUS 


The present paper describes a dominant Mendelian genetic factor 
that causes localization of tobacco-mosaic virus in inoculated leaves of 
garden pepper, Capsicum frutescens L., and a similar factor in each of 
certain Nicotiana L. and Solanum L. species. Plants possessing the 
hereditary factor for localization are Susceptible to infection with 
tobacco-mosaic virus, but resistant to spread of virus in their tissues. 
It is believed that this is the hrst description of such a genetic factor 
affecting a virus disease in its plant hosts. The virus of streak dis¬ 
ease of maize is influenced while in its insect host, the leafhopper 
Cicadulina mbila Naude, by a dominant, sex-linked, Mendelian factor, 
described by Storey (13). This dominant factor in the leafhopper 
confers ability to act as a vector of the disease. In a recent paper 
Storey (14) has thrown light on the nature of this hereditary charac¬ 
ter by demonstrating that the recessive-type, i.e., inactive, insects 
may be made infective by wounding the wall of the intestine immedi¬ 
ately before or after the insects are allowed to feed on diseased plant 
material, or by introducing virus directly into the insects’ blood. 

Capsicum Frutescens 

Types of Response of Pepper Varieties to Infection with Typical 
Tobacco-Mosaic Virus 

The majority of garden pepper varieties respond to infection with 
t 3 T)ical distorting-type tobacco-mosaic virus (5, p. 847) by mottling. 
In these varieties, yellowish primary lesions develop about 3 days 
after inoculation, and are followed by chlorosis of young leaves, with 
a prolonged period of reduced growth rate for the plant as a whole. 
Sometimes partial defoliation occurs. In time many mottled and 
distorted new leaves are formed. The yield of fruit of mottled plants 
is much less than that of healthy plants. As examples of varieties 
which give a mottling response, there may be cited the Capsicum 
frutescens varieties California Wonder, Celestial, Chinese Giant, Coral 
Gem Bouquet, Early Giant, Giant Crimson, Golden Dawn, Golden 
Queen, Hungarian, Large Bell, Oshkosh, Pimiento, Red Cherry, Red 
Japan Cluster, Ruby King, Spanish Monstrous, Upright Sweet Salad, 
and World Beater. 

A few pepper varieties, on the other hand, respond by localized 
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necrosis, without systemic mottling. Among the varieties tested, 
only two have consistently shown sharply-defined necrosis at the site 
of inoculation. These are Capsicum frutescens var. Tabasco, and 
C. frutescens var. minimum (previously grown under the name of 
C. minimum Blanco, but differing from common varieties of C. fru¬ 
tescens no more than these differ among themselves). These peppers 
are immune from the serious systemic effects of tobacco mosaic, 
although they are highly susceptible to infection. Many small necrotic 
lesions develop in inoculated leaves on the 2nd or 3rd day after inocu¬ 
lation. Virus may be recovered from these lesions, but not from green 
areas between lesions or from uninoculated parts of infected plants. 
Affected leaves drop off, usually between the 2nd and 5th days. 
Leaves with many lesions absciss earlier than those with few. The 
plants are free of virus as soon as all inoculated leaves have fallen. 
They are susceptible to repeated infection, but eliminate the virus 
promptly and grow essentially as normal plants. 

Peppers giving these two kinds of response will be referred to as 
mottling-type and necrotic-type plants, respectively. For the pur¬ 
pose of studying the response of hybrids between mottling-type and 
necrotic-type plants, crosses were made between the mottling-t 3 T)e 
varieties Ruby King and Golden Dawn, and the two above-described 
necrotic-type varieties. 

Response of Hybrids to Infection with Typical Tobacco-Mosaic Virus 

Capsicum frutescens var. Tabasco X var. Ruby King. —Pollen from 
a plant of the mottling-type variety. Ruby King, was applied to 
stigmas of emasculated flowers of the necrotic-type variety. Tabasco. 
Many seeds were secured, but few germinated. Only 2 seedlings sur¬ 
vived to blossom; both of these plants showed necrotic primary lesions 
after inoculation of leaves with typical distorting-type tobacco-mosaic 
virus. One of the 2 plants set no seed; the other bore many fruits, 
which were larger than those of the seed parent Tabasco, and when 
ripe partly pendant, like those of the pollen parent, Ruby King. 

From seeds of the one original fertile plant, 48 second-generation 
seedlings were grown. Of these, 37 showed only necrotic primary 
lesions after inoculation with tobacco-mosaic virus, but 11 failed to 
show necrotic primary lesions and subsequently mottled. This re- 



560 


LOCALIZING TOBACCO-MOSAIC VIBtTS 


appearance of the mottling response in approximately a fourth of the 
second-generation hybrid plants suggested the possibility that a simple 
Mendelian dominant factor might be responsible for ability to localize 
the virus. The number of observed plants, however, was so small 
that this approach to a simple Mendelian ratio might have been ac¬ 
cidental. 

After the symptoms had been observed, the 48 infected plants were 
all set outdoors in a row in a garden. No attempt was made to pre¬ 
vent cross-pollination by insects. Eleven plants remained mottled 
and of high tobacco-mosaic virus content until autumn; the remaining 
37, having lost their inoculated leaves, proved free of tobacco-mosaic 
virus. Some of the plants bore many fruits, others few or more. The 
11 mottling-tj^ plants bore comparatively few fruits, and, as later 
results showed, had probably received some pollen from nearby 
necrotic-t)rpe plants. Enough seeds were collected to grow seedlings 
from 36 necrotic-type plants and from 8 mottling-type plants. 

Eleven of the 36 sets of seedlings from necrotic-type plants con¬ 
tained only necrotic-type plants, 1370 in all; the remaining 25 sets of 
seedlings from necrotic-type plants, a total of 2611, contained both 
necrotic-type and mottling-tjTpe individuals in each set in ratios ap¬ 
proximating 3:1 (3.23:1 in the group as a whole). This seemed to 
indicate that 25 of the 36 necrotic-type Fj plants had been heter¬ 
ozygous and 11 homozygous for a virus-localizing character. Com¬ 
bining these with the 11 plants that possessed the apparent recessive 
character, the ratios 11:25:11 were obtained, with one necrotic-type 
Fs plant unclassified because of lack of seed. This is in good agree¬ 
ment with the expected 1:2:1 ratios characteristic of inheritance of 
a unit character in a second hybrid generation. 

The 8 sets of seedlings from mottling plants did not contain mottling- 
type individuals only, as had been expected, but included some 
necrotic-type plants. The ratio was 50 necrotic-t 3 T)e to 208 mottling- 
type plants, or 0.24:1. This ratio is small, and it is believed that the 
necrotic-type plants occurring in these progenies were the result of 
natural cross-pollination from necrotic-type plants growing nearby. 
To eliminate such accidental cross-pollination, 36 mottling-type seed¬ 
lings from a heterozygous necrotic-type seed-parent were grown in an 
isolated greenhouse. Seed was obtained from 20 of these, the others 
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setting no fruit. From this seed, 347 seedlings were grown. The 
seedlings were inoculated with tobacco-mosaic virus; none of them 
showed primary necrosis, but all developed mottling-type infections. 

These results indicate beyond reasonable doubt that in Capsicum 
frukscens the ability to localize the virus of tobacco mosaic is trans¬ 
mitted in inheritance as a simple Mendelian dominant character, the 
lack of which allows movement of the virus to distant parts of inocu¬ 
lated plants, with resultant blanching, mottling, stunting, and reduc¬ 
tion of crop, the symptoms commonly associated with the presence 
of the mottling type of tobacco-mosaic infection in peppers. The 



Fig. 1. Leaves of Capsicum frulescens inoculated with tobacco-mosaic virus. 

A. Necrotic primary lesions on leaf of a homozygous plant of constitution, LL. 

B. Lack of such lesions on a similarly treated leaf of a recessive individual, //. 

C. Necrotic primary lesions on leaf of heterozygous individual, LI. D. Similar 
necrotic primary lesions on cotyledons of necrotic-type plants. E. Similar lesions 
in both white and green areas of a variegated leaf. 

response of heterozygotes was indistinguishable from that of necrotic- 
type homozygotes. Lesions on inoculated cotyledons of necrotic-type 
plants resembled those on true leaves^ The inoculation of variegated 
leaves, which occasionally appear on necrotic-type plants, produced 
approximately as many characteristic necrotic lesions in white, ap¬ 
parently chlorophyll-free, areas as in normal green areas. 

Figure 1, (A), represents necrotic lesions on an inoculated leaf of a 
homozygous necrotic-type plant; (B), lack of such lesions on a simi¬ 
larly treated leaf of a mottling-type plant; (C), necrotic lesions on an 
inoculated leaf of a heterozygous individual; (D), necrotic primary 






Fig. 2. Fwo plants of Capsuum fnitcstcns, inoculated with tobacco-mosaic 
virus. The first was a mottling-type plant and the second, a necrotic-type. 
A. 3 days after inoculation of 2 leaves of each. B. 7 days after inoculation. 
Inoculated leaves had fallen from necrotic-type plant, freeing it from virus. 
C. 16 days after inoculation. Mottling-type plant was stunted and mottled. 
Necrotic-type one was large, without .symptoms, and free of virus. 
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lesions on cotyledons; and (E), similar primary lesions in both white 
and green areas of a variegated leaf. 

In figure 2 there are represented 2 plants, the first a mottling-type 
plant, the second a necrotic-type plant, (A) 3 days after inoculation of 
2 leaves of each, (B) 7 days after inoculation, when the necrotic-type 
plant had lost its infected leaves, and (C) 16 days after inoculation, 
the mottling-type plant being then stunted and mottled, the necrotic- 
type plant larger, without symptoms of disease, and free of virus. 

A fourth hybrid generation was grown, using in most cases seed 
from commercial, mottling-type Capsicum frutescens varieties, such as 
Ruby King, Golden Dawn, and California Wonder, fertilized with 
pollen from the third-generation, necrotic-type plants. The seed 
parents were thus homozygous for the absence of the character for 
localization, and the pollen parents possessed it either in the homo¬ 
zygous or the heterozygous condition. It was expected, therefore, 
that each set of seedlings would show either all necrotic-type, or one- 
half necrotic-type plants. This expectation was realized, for in 8 
progenies there were altogether 201 necrotic type and no mottling- 
type plants, and in 7 progenies in which there were found both types, 
they were in approximately a 1:1 ratio, 94 seedlings proving to be of 
the necrotic type and 88 of the mottling type. The fourth generation 
thus added to the proof previously obtained, that the hereditary 
factor for localization of virus acts as a simple, dominant Mendelian 
factor. It also indicated that no incompatibility exists between the 
factor for localization of tobacco-mosaic virus and certain factors 
characterizing commercial types of peppers. The plants of this gener¬ 
ation resembled commercial varieties in plant and fruit type more 
nearly than had the first 3 hybrid generations, yet expressed in full 
the characteristics of the necrotic-type response shown by Tabasco 
pepper and by plants of the earlier hybrid generations.® 

Capsicum frutescens var. Golden Dawn X var. minimum.—k study 
was made of a second hybrid. Capsicum frutescens var. Golden Dawn 

® Subsequent back-crosses to commercial varieties have yielded individual 
plants bearing pendant, blunt-nosed, thick-walled, mild-flavored fruits as large 
as 95 X 50 mm., and reacting to leaf inoculation with tobacco mosaic virus by 
formation of necrotic lesions, localization of virus, abscission of inoculated leaves, 
and subsequent healthy growth, just as in the original I'alja-^co pepper. 
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X var. minimum, in which more known genetic factors were concerned 
than had been the case with the Tabasco X Ruby King hybrid. C. 
frutescens var. Golden Dawn bears white flowers, green immature 
fruits, pendant, yellow, mild-flavored mature fruits with blunt apices, 
and is characterized by green cotyledons and hairy stem not branched 
at base. C. frutescens var. minimum has purple flowers, blackish- 
purple immature fruits, erect, red, pungent, mature fruits with pointed 
apices, purplish cotyledons, and smooth stem branching from base. 

All plants of the first generation of Capsicum frutescens var. Golden 
Dawn X var. minimum showed purple-edged white flowers, immature 
fruits tinged with purple, partly pendent, red, pungent, mature fruits 
with pointed apices, green cotyledons, and nearly smooth stem branch¬ 
ing at base. Twenty-six first-generation hybrid plants were grown. 
They were all inoculated with tobacco-mosaic virus, and all responded 
like the necrotic-type parent, showing necrotic primary lesions, ab¬ 
scission of inoculated leaves, and subsequent healthy growth. 

In Fi plants grown from seed of selfed Fi plants an approximate 
3:1 ratio between necrotic-type and mottling-type individuals was 
found, as expected; in a set of 1277 the ratio was 2.93:1. A group 
of 107 plants was examined for evidence of linkage between the factor 
for virus localization (L) or its recessive allelomorph (/) and several 
previously known genes* of the pepper: pungent (M) vs. mild (m) 
fruit, pendant (P) vs. erect (p) fruit, red (R) vs. yellow (r) mature 
fruit, purple (A) vs. white (a) flower, smooth (H) vs. hairy (h) stems, 
and pointed (D) vs. blunt-nosed (d) fruits. No evidence was found 
suggesting linkage between the gene for localization of tobacco-mosaic 
virus and any of the others. This is not surprising in view of the fact 
that there are 12 chromosomes in Capsicum frutescens. 

Among 109 Fj plants obtained as a result of the back-cross Capsicum 
frutescens var. Golden Dawn X (var. Golden Dawn X var. minimum), 
54 proved to be of necrotic type and 55 of mottling type. No evidence 
was found for linkage between the gene for virus localization and any 
other. 

* The genes for purple flower and pendant, red, and pointed fruit are referred 
to in accordance with the usage of Deshpande, R. B., Studies in Indian chillies. 
(3) The inheritance of some characters in Capsicum annuum L. Indian Jour. 
Agr. Sci. 3: 219-300. 1933. 
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Similar observations on a set of 113 plants derived by selfing a plant 
from the earlier Tabasco hybrid stocks gave no evidence of linkage 
between the factor for green (G) vs. pale (g) immature fruit and that 
for virus localization. 

Data showing the distribution of the localizing gene and 7 other 
genes are summarized in table 1. 

Response to Infection with Other Strains of Tobacco-Mosaic Virus 

It was found possible to test the response of individual pepper plants 
to tobacco-mosaic virus without producing systemic infection even 
of mottling-type plants. This was done by picking a leaf from each 

TABLE 1 


Absence of Linkage between the Virus-Localizing Factor (L) and Certain other 
Genetic Factors in Capsicum Frutescens 



Factors involved; 

L (localizing) and X 

Observed ratios 

Total number of 

observed plants 

X equals: 

LX 


m 

lx 


R (red) 

49 

: 22 

26 : 

9 

106 


M (pungent) 

55 

: 15 

21 : 

14 

105 

Fa from selfed Fr, ratios 

A (purple) 

53 

: 19 

28 : 

7 

107 

expected in absence 

P (pendant) 

54 

: 18 

23 : 

11 

106 

of linkage, 9:3:3:1 

H (smooth) 

52 

: 19 

27 : 

8 

106 


D (pointed) 

56 

: 15 

30 : 

5 

106 


G (green) 

58 

: 28 

21 : 

6 

113 

Back cross; ratios ex¬ 
pected in absence of 
linkage, 1:1:1:1 

R (red) 

M (pungent) 

A (purple) 

H (smooth) 

31 

29 

27 

27 

: 23 
: 24 
: 27 
: 26 

23 : 
34 : 
33 : 
33 : 

31 

20 

22 

22 

108 

107 

109 

108 


plant to be tested, inserting its petiole into a test-tube full of water, 
and then inoculating the detached leaf. Leaves from necrotic-type 
plants responded with necrosis as they would if they were still attached 
to the plants. Leaves from mottling-type plants showed no necrosis, 
sometimes appearing unaffected by the inoculation, sometimes show¬ 
ing slight chlorosis in primary lesions, or, if yellowing from age, slight 
chlorophyll retention, as would be expected if the leaves were still 
attached to the plants. 
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This detached-leaf test allowed single plants to be tested for possible 
necrotic response to more than one strain of virus. Successive sets 
of leaves from plants of known response to the distorting strain of 
tobacco-mosaic virus were inoculated w\th the mottling and masked 
strains of tobacco-mosaic virus described elsewhere (5), and with 
virus of aucuba mosaic of tomato, propagated in Nicotiana tabacum. 
The set of 109 plants of Capsicum frutescens var. Golden Dawn X 
(var. Golden Dawn X var. minimum) already tested by the detached- 
leaf method for response to infection with the distorting strain of 
tobacco-mosaic virus, was used to supply leaves for tests with the 
other virus strains. Two of the plants of the set were not at the time 
available for this test, and among the 107 tested plants, leaves of 
which had been inoculated with the distorting strain of tobacco- 
mosaic virus, the ratio was 52 necrotic (heterozygous for localizing 
gene, li plants) to 55 nonnecrotic (Ji plants). The same 52 
plants that responded with necrosis on leaves inoculated with the 
distorting strain of tobacco-mosaic virus also showed necrosis of the 
same sort on additional leaves inoculated with the two mild strains, 
the mottling and masked strains of tobacco-mosaic virus. The re¬ 
maining 55 plants showed no necrosis after inoculation with these 
strains. Inoculation of a set of leaves with virus of aucuba mosaic 
of tomato in juice of Turkish tobacco plants induced typical necrotic 
primary lesions with pale brown center and dark brown periphery on 
the 52 necrotic-type plants of the set, but the formation of brown, 
imperfectly necrotic lesions on the leaves of all the mottling-type 
plants also. 

When inoculated leaves were not detached from plants the response 
to these virus strains was as follows. Inoculation with the masked 
strain induced slight stunting and mild mottling in U plants, necrosis 
and leaf abscission, with complete loss of virus in LL plants. Inocu¬ 
lation with the mottling strain induced somewhat similar stunting 
and mottling in ll plants, and the usual necrosis, abscission, and loss 
of virus in LL plants. Inoculation with the virus of aucuba mosaic 
of tomato induced severe stunting, blanching of young leaves, and 
occasional systemic necrosis in some U plants, but imperfectly necrotic 
primary lesions, abscission of inoculated leaves, and loss of virus in 
others; all LL plants showed typical primary necrosis, leaf abscission, 
and loss of virus. 
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The similarity of necrotic primary lesions in all necrotic-t 5 rpe plants 
when infected with these 4 strains of tobacco-mosaic virus suggests 
that the factor that determines virus localization and necrotic response 
to infection with the common type of tobacco-mosaic virus may act 
similarly in response to infections with many, possibly all, strains of 
this virus. 


Nicotiana 

The simple Mendelian type of inheritance of the character for virus 
localization in Capsicum L. suggested the possibility that the same or 
a similar character might occur in other plants that show necrotic 
lesions when infected with tobacco-mosaic virus. Eight crosses were 
made between necrotic-type and mottling-type species and varieties 
of Nicotiana. In addition, 2 crosses between pairs of necrotic-type 
species and 1 cross between a pair of mottling-type species were 
tested. The number of plants involved was not large, but the response 
in hybrid progenies was definite, and tended to confirm the results 
obtained with Capsicum. Details of these experiments follow. 

Nicotiana tabacum (mottling) X glutinosa (necrotic). One Nicotiana 
cross between a mottling-type and a necrotic-type species was made 
by Allard (1) in 1914. This was the hybrid N. tabacum X glutinosa, 
the latter species being known to him not as N. glutinosa, but as N. 
viscosum. Allard found that the necrotic response of the pollen parent 
was transmitted to the first-generation hybrid. In view of the fact 
that the necrotic response of N. glutinosa had not been studied in¬ 
tensively at that time, it seemed desirable to obtain the hybrid again 
in order to determine whether the first-generation plants reproduced 
the necrotic response of the pollen parent fully, or in modified form. 

The variety purpurea of the mottling-type species Nicotiana 
tabacum was chosen as seed parent and pollen from N. glutinosa 
was applied to it. The seeds thus obtained germinated well, and the 
seedlings which grew from them strongly resembled N. tabacum in 
leaf character and flower color. Inoculation of the leaves with to¬ 
bacco-mosaic virus was followed, however, not by mottling, but by 
the appearance of necrotic spots closely resembling those produced 
in N. glutinosa. This response was given by all of 319 inoculated 
Fi plants. To this extent the necrotic response appeared to be a 
dominant character, as was the case with the similar necrotic response 
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in the pepper. Unlike the pepper hybrids, however, this Nicotiana 
hybrid was completely sterile, setting no seed during an entire year. 
For this reason the behavior of the factor responsible for the necrotic 
response has not been observed in a secpnd or later generation. A 
photograph of the necrotic primary lesions in the first-generation 
hybrid is shown in figure 3, A. 

Nicotiana bigelovii var. quadrivalvis (yellowing X glutinosa (necrotic). 
— N. bigelovii Wats. var. quadrivalvis Pursh. is more severely affected 
than N. tabacum by infection with tobacco-mosaic virus. A prolonged 
period of stunting of the plant and yellowing of all young leaves 
precedes formation of mottled and distorted new leaves. The hybrid 
N. bigelovii var. quadrivalvis X glutinosa was tested to determine 
whether it would respond as had the hybrid N. tabacum X glutinosa. 
Necrotic primary lesions like those characteristic of N. glutinosa 
appeared on all of 135 inoculated plants of the first-generation hybrid. 
One hundred similar plants, not inoculated with virus, were grown 
through an entire summer. Their profuse blossoming did not result 
in seed formation. Because of this, no evidence was obtained for 
behavior of the factor for necrosis in later generations. It was evident, 
however, that in the first generation the necrotic response of N. 
glutinosa was fully dominant over the yellowing and mottling response 
of N. bigelovii var. quadrivalvis, as it had been over the mottling 
response of N. tabacum var. purpurea. 

Nicotiana bigelovii var. quadrivalvis {yellowing X sanderae (necrotic). 
—Similar evidence indicating dominance of the factor for necrosis in 
N. sanderae Sander was obtained from a single plant of N. bigelovii 
var. quadrivalvis (yellowing) X sanderae (necrotic), which was secured 
upon attempting to germinate seed formed as a result of the appropri¬ 
ate pollination. The hybrid bore large reddish-purple blossoms, but 
did not form seeds; its leaves resembled those of N. bigelovii, but were 
of coarser texture. Upon inoculation with tobacco-mosaic virus, it 
responded by formation of necrotic lesions resembling those of N. 
sanderae (Fig. 3, B). 

Nicotiana caudigera (mottling) X acuminata (necrotic). —^Although 
some Nicotiana hybrids formed no viable seeds, it was found possible 
to obtain several fertile hybrids, in which the responses of second- 
generation plants could be studied. One instance was that of the 



Fig. 3. A and B. Inociiiatcd leaves A. Nirotiipui tahacum var. pitypurca X 
^liitinosa. B. A. hi^clovii var. quadrivalvis X samicrac. C. Health^' leaf and 
4 systemically infected, mottled, and distorted leaves of A. higdovii var. qitadri- 
vahis X tahacum var. purpurea, showing enations. T)-X. Inoculated leaves. 
I). A. caudigera. E. A. acuminata X caudigera F. A. acuminata, (i. A. 
caudigera X acuminata. H. A. sandcrac (mottling) X langsd.'riiii, recessive indi¬ 
vidual of F 2 . I. A. sandcrac (mottling) X langsdorjlii, mcmiu t>pe individual 
of F 2 . J. A. langsdorjjii X sandcrac (necrotic). K. \ (necrotic) X 

langsdorjjii. L. A. glutinosa X langsdorffii. M. A. /m- r.ala X rustica var. 
Winnebago. N. A. glauca X langsdorffid. 
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fertile hybrid A", caudigcra Phil. X acuminata Hook. A^. caudigera 
shows intense yellowing and stunting, followed by the production of 
distorted, mottled leaves after inoculation with tobacco-mosaic virus. 
A", acuminata shows no mottling, but only brown, necrotic primary 
lesions as a result of infection. The *Fi hybrid, N. caudigera X 
acuminata, showed necrosis like that of the pollen parent in all of 155 
inoculated plants. 'Fhe first-generation hybrid set seed abundantly. 
Seed from a single plant of this first generation was planted and 
germinated w^ell. 'Fhe seedlings were not uniform in appearance, 
some growing rapidly, others slowly. This was not unexpected, since 
A^ acuminata had been observed to grow much more rapidly than N. 
caudigera. Altogether, 228 plants of the second hybrid generation 
were grown and inoculated with tobacco-mosaic virus; 193 responded 
with necrosis like that of A", acuminata, 35 with chlorosis like that of 
A', caudigera. I'he ratio of necrotic to chlorotic plants w^as therefore 
5.5:1. 1'he reciprocal Fi hybrid, N. acuminata X caudigera, also 
proved to be of the necrotic type. Inoculated leaves of the two parent 
species and of reciprocal hybrids of the first generation are shown in 
figure 3, D to G. 

The facts that the first-generation hybrids all showed a necrotic re¬ 
sponse, and that the second-generation plants were divided into two 
groups, giving respectively necrotic and chlorotic resix)nses, seem to 
indicate that in Nicotiana, as in Capsicum, a dominant factor deter¬ 
mines the necrotic response to infection with tobacco-mosaic virus, 
the corresponding recessive allowing systemic mottling. The reason 
for the excess of necrotic-type plants beyond the expected 3:1 ratio 
in the second generation is not known. 

Nicotiana sanderae {mottling) X langsdorffii {necrotic). In com¬ 
mercial lots of seed of the ornamental, red-flowering N. sanderae, 
which originated many years ago from the cross N. alata Link & Otto 
X forgetiana Sand., the factor determining a necrotic response is 
typically present, but not invariably so. It is not unusual to obtain 
plants of N. sanderae that mottle when infected with tobacco-mosaic 
virus. A mottling-type plant of N. sanderae var. Crimson King was 
used as seed parent in crosses with N. langsdorffii Schrank, and N. 
.sanderae (necrotic), both crosses producing fertile hybrids. 

N. langsdorffii is not variable in response, as is N. sanderae, but 
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responds invariably with necrosis. Only 13 first-generation hybrids 
were obtained of N. sanderae (mottling) X langsdorffii. Twelve of 
these responded to infection with tobacco-mosaic virus vrith necrosis 
similar to that shown by N. langsdorffii. The remaining plant re¬ 
sponded with yellowing primary lesions, and later mottling, but 
showed evidence of being an actual hybrid by the form of its blossoms, 
which resembled those of N. langsdorffii, as did those of the other Fi 
plants. Seed was obtained from the single mottling Fi plant and 
from several of the necrotic-type Fi plants. 

A group of 57 plants from seeds of the one exceptional mottling 
Fi plant showed typical localized necrosis in 10, which subsequently 
grew as healthy plants, mottling in 24, and systemic necrosis resulting 
in death in 23 individuals. The reason for failure of dominance of the 
necrotic response in the Fi plant is not known. Some additional 
genetic factor may have operated in this exceptional case, preventing 
the necrotic response in the Fi plant is spite of the presence of the 
factor for necrosis. The factor for necrosis was shown to have been 
present by its reappearance in the F 2 generation. 

Seedlings derived from one of the 11 necrotic-type Fi plants, upon 
inoculation with tobacco-mosaic virus, showed a necrotic-type re¬ 
sponse in 134 individuals, and a mottling-type response in the re¬ 
maining 45, giving the ratio 2.98:1 (Fig. 3, H and I). The factor for 
necrosis in this instance appeared to be domiant in the usual sense. 

Nicotiana sanderae {mottling) X sanderae {necrotic). —The same mot¬ 
tling-type plant of N. sanderae var. Crimson King used in the cross 
with N. langsdorffii, was used as seed parent in a cross with a necrotic- 
type N. sanderae plant. The Fi hybrid, N. sanderae (mottling) X 
sanderae (necrotic) responded to inoculation with tobacco-mosaic 
virus by showing necrosis in all of 84 inoculated plants. In the second 
generation, 249 plants were inoculated; 185 responded with necrosis 
like that of the original pollen parent and of the Fi plants, and 64 re¬ 
sponded with chlorosis like that of the seed parent (ratio 2.88:1). 
The necrotic response in this cross appeared fully dominant, and no 
evidence of interference by other genetic factors was observed. 

N. paniculata {mottling) X rustica {necrotic). Two other hybrids 
were produced between species showing necrosis and those not show¬ 
ing necrosis as a result of infection with tol)a( ro-inosaic virus. 
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They were N. paniculata L. X rustica L. and iV. glauca R. Grah. X 
langsdorffii; these were studied because of responses of the seed parents, 
one of which produces enations and the other of which is symp¬ 
tomless, or nearly so, when infected. 

N. paniculata responds to infection with tobacco-mosaic virus by 
mottling, and by forming enations or tissue outgrowths (6). N, 
rustica responds with systemic necrosis when young, and by localized 
necrosis when older. Twenty-one plants of the first-generation hybrid, 
N. paniculata X rustica var. jamaicensis, all responded with necrosis 
closely resembling that of the pollen parent; the necrosis was systemic 
in young plants, but localized in inoculated leaves of older ones. N. 
rustica var. Winnebago shows necrotic lesions characterized by the 
formation of more dark brown pigment at the periphery of the lesion 
than occurs in the variety jamaicensis. Eleven plants of the hybrid 
N. paniculata X rustica var. Winnebago were inoculated, and 10 re¬ 
sponded with lesions surrounded with dark brown pigment of the type 
of the pollen parent (Fig. 3, M). The 11th plant was atypical in 
appearance, being round-leaved and dwarfed; it also responded with 
necrosis, but not with dark brown pigment. The difference in type 
of necrotic lesion found in the two N. rustica varieties thus appeared, 
with the one exception noted, in the first generation hybrids. No 
sign of the tendency of N. paniculata to form enations appeared in any 
of the hybrids. Although only 32 Fi plants were grown, they agreed 
with other crosses in producing all necrotic-type plants from mottling 
and necrotic-type parents. 

Nicotiana glauca {nearly symptomless) X langsdorffii {necrotic). N. 
glauca mottles faintly if infected with tobacco-mosaic virus when 
young. In older plants the virus multiplies well in inoculated leaves, 
moves toward the top of the plant erratically, and when present in 
the younger leaves sometimes causes traces of mottling, and some¬ 
times no symptoms. N. langsdorffii, as stated before, shows a necrotic 
response with production of black-brown pigment at the periphery of 
primary lesions. A set of plants of the first generation of N. glauca X 
langsdorffii was grown and 198 plants were inoculated; all re¬ 
sponded with necrosis (Fig. 3, N) resembling that characteristic of 
N. langsdorffii. 

Nicotiana langsdorffii {necrotic) X sanderae {necrotic). If the appar- 
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ently similar genetic factors for necrosis were fundamentally unlike 
in some of the species already mentioned, combining such dominant 
factors in a single Fi plant might result in a modified response. Only 
two pairs of necrotic-typ)e species were tested. The first of these was 
N. langsdorffii X sanderae (necrotic). The response of the first-gener¬ 
ation hybrid did not differ from that of the parent species; necrotic 
lesions surrounded by zones of blackish brown pigment (Fig. 3, J) 
were produced in all of 162 Fi plants. There appeared to be no 
additive effect upon combining dominant factors from the two parents 
in individual hybrid plants. The reciprocal hybrid, N. sanderae 
(necrotic) X langsdorffii (Fig. 3, K), was also grown and 92 plants, 
after being inoculated with tobacco-mosaic virus, all showed a necrotic 
response like that of the parents and of N. langsdorffii X sanderae. 
If the genetic factors in the two parents were similar in nature, but not 
located in corresponding chromosomes, some plants of a second gener¬ 
ation should fail to receive the factor for necrotic response from either 
parent, since there would be independent segregation. In a second 
generation grown from seeds of selfed N, sanderae X langsdorffii 
plants, all of 255 inoculated plants showed necrotic primary lesions of 
the type shown in the first hybrid generation. The dominant genetic 
factors determining the necrotic response in these two Nicotiana 
species acted as though identical, giving no obvious additive effect 
when combined, and appearing in all F 2 plants. 

Nicotiana glutinosa {necrotic) X langsdorffii {necrotic). The second 
combination of two necrotic-type species was that of N, glutinosa and 
N, langsdorffii. Only a single plant of the hybrid N, glutinosa X 
langsdorffii grew from seed obtained as a result of appropriate pollina¬ 
tion. It was intermediate in appearance between the unlike parent 
species and proved self-sterile and sterile to N, langsdorffii pollen. 
Upon inoculation with tobacco-mosaic virus it formed necrotic pri¬ 
mary lesions (Fig. 3, L) closely resembling those of N, glutinosa, but 
surrounded by a somewhat darker brown peripheral zone, only a 
little less blackish than that characteristic of N, langsdorffii. 

No evidence was found in the behavior of the two necrotic-type 
combinations, N. sanderae (necrotic) X langsdorffii and N, glutinosa 
X langsdorffii, to indicate that the dominant factors determining nec¬ 
rotic response are different in the species N. sanderae, N. langsdorffii, 
and N, glutinosa. 
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NicoHana bigelovii var. quadrivalvis {yellowing) X tabacum {mottling). 
—Since the hybrids of N. tabacum and N. quadrivalvis with N. glu- 
tinosa had resulted in Fi plants of necrotic type, it was desirable to 
test the hybrid N. bigelovii var. quadrivalvis X tabacum, although it 
seemed unlikely that there would be production of necrotic-type 
plants without the use of a necrotic-type parent. The first-gener¬ 
ation hybrid N. bigelovii var. quadrivalvis X tabacum var. purpurea 
was produced and about 100 plants were grown to blossoming, sets of 
the plants being inoculated at intervals with tobacco-mosaic virus. 


TABLE 2 

Summary of Tests Showing Behavior of Factor for Necrosis in NicoHana Hybrids 



First hybrid 
generation 

Second hybrid generation 

Necrotic- 

type 

plants 

Mottling- 

type 

plants 

Necrotic- 

type 

plants 

Mottling- 

type 

plants 

Ratios 

Nicotiana tabacum X glutinosa . 

319 

0 




Nicotiana bigelovii var. quadrivalvis X glu- 






tinosa . 

135 

0 




Nicotiana bigelovii var. quadrivalvis X sanderae 






(necrotic). 

1 

0 




Nicotiana caudigera X acuminata . 

135 

0 

193 

35 

5.5:1 

Nicotiana sanderae (mottling) X langsdorffii.. 

12 

1 

134 

45 

3.0:1 

Nicotiana sanderae (mottling) X sanderae 






(necrotic). 

84 

0 

185 

64 

2.9:1 

Nicotiana paniculata X rustica . 

32 

0 




Nicotiana glauca X langsdorffii . 

198 

0 




Totals. 

916 

1 

512 

144 

3.6:1 


The hybrid stock responded to infection by stunting, distortion, and 
mottling. No necrosis appeared at any time. Outgrowths of tissue 
(enations) from the lower surface of mottled leaves were numerous in 
the infected plants (Fig. 3, C), although these had been grown in 
shade, a condition not suitable for formation of enations on plants of 
N. paniculata, as shown by Jensen (6). 

Neither the failure to secure plants of a second generation from 
some Nicotiana hybrids, nor the small numbers of Fi plants obtained 
from certain crosses need obscure the result of the study of this genus 
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as a whole. No deviation from the parental responses was found 
when two necrotic-type species were crossed with each other. A 
summary of tested plants in eight crosses between mottling-type and 
necrotic-type plants is shown in table 2. Altogether, 917 Fi plants 
were inoculated with tobacco-mosaic virus; all but one individual 
responded with necrosis. The single exception had as one parent the 
rather variable horticultural form known as N, sanderae; some inter¬ 
fering genetic character or combination of characters may have been 
responsible for the anomalous result. From 3 of the 8 crosses a 
second generation was secured by selfing plants of the Fi generation. 
A total of 656 F 2 plants were inoculated. A considerable excess of 
necrotic-type plants occurred in the F 2 generation of N, caudigera X 
acuminata (193 necrotic-type; 35 mottling-type); the other F 2 sets 
gave ratios of 3.0:1 and 2.9:1 respectively. The conclusion seems 
warranted that in the genus Nicotiana, as in Capsicum, a necrotic 
response to infection with tobacco-mosaic virus acts as a typically 
dominant character in certain crosses between necrotic-type and 
mottling-type forms. 


Solanum Melongena 

In the genera Capsicum and Nicotiana, factors for necrotic response 
to inoculation with tobacco-mosaic virus behaved similarly, being in 
both cases dominant over factors for mottling response. In the genus 
Solanum, the species S, melongena L. (eggplant) shows both necrotic 
and mottling types of response among its varieties. It seemed prob¬ 
able that in this genus also the factor for necrosis might be dominant 
over that for mottling. This was not found to be entirely true, 
however. 

Solanum melongena var. Peking Green mottles inconspicuously if 
infected with tobacco-mosaic virus when young; infected plants tend 
to become symptomless with age. The variety Hangchow Long is 
symptomless regardless of age at time of inoculation, but allows virus 
to increase in its tissues and to spread systemically. The variety 
Black Beauty is killed by systemic necrosis if infected as a small seed¬ 
ling, but localizes the virus completely and shows necrosis only at the 
site of inoculation on leaves of older plants. The mottling-type 
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variety Peking Green and the symptomless variety Hangchow Long 
were both pollinated from the necrotic-type variety Black Beauty. 

Solanum tnelongena var. Peking Green X var. Black Beauty. —The 
first-generation hybrid 5. melongena var. Peking Green X var. Black 
Beauty responded to infection with tobacco-mosaic virus in all of 103 
inoculated plants by production of faintly yellowish primary lesions. 
Around most of these lesions, however, flecks of necrosis later ap¬ 
peared, sometimes developing as thin, light brown, necrotic, circular 
or wavy lines. A faint systemic mottling later developed, again 
marked by occasional thin, light brown, necrotic concentric rings and 
other necrotic markings outlining infected areas. The leaves affected 
by the systemic spread of the virus were characterized by not being so 
flat as the corresponding leaves of healthy plants; cup-like depressions 
and slightly rugose leaf surface seemed to be caused by irregularities in 
rate of expansion of the lamina. The first-generation hybrids tended 
toward a symptomless condition in later growth. It was evident that 
the Fi plants did not respond like either parent. 

A second hybrid generation was grown from seed of several plants 
of the first-generation hybrid. Among the second-generation plants 
the solidly necrotic, dark brown primary lesions and similar secondary 
lesions in young plants characteristic of the necrotic-type parent. 
Black Beauty eggplant, reappeared in some plants. A considerable 
part of the remaining individuals showed flecks of ring-necrosis such 
as had characterized infected Fi plants. It seemed probable that in 
this Solanum hybrid the necrotic response was not wholly dominant, 
although a single pair of allelomorphs might possibly account for the 
responses. The heterozygous plants were irregular in time of forma¬ 
tion of traces of necrosis. For this reason attention was directed to 
observing the ratio of fully necrotic F* plants to those showing traces 
of necrosis or none at all. This ratio, 132:333, amounted to about 
1:2.5, and so might be considered to support to some extent the hy¬ 
pothesis that a single Mendelian factor for necrosis existed in Solanum 
melongena, as in Capsicum frutescens, and some Nicotiana species, 
although in the case of S. melongena dominance appeared imperfect, 
and the heterozygotes could not be distingushed readily from the non- 
necrotic segregates. 

Solanum melongena var. Hangchow Long X var. Black Beauty .—^The 
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first-generation hybrid S. tnelongena var. Hangchow Long X var. 
Black Beauty responded to infection with tobacco-mosaic virus in all 
of ISO inoculated plants by production of yellowish primary lesions 
peripherally marked with traces of necrosis and by necrotic flecks on 
younger leaves. The symptoms were similar to those on the Fi Peking 
Green X Black Beauty eggplant. In the second generation, a fully 
necrotic resjxmse, like that of Black Beauty eggplant, was noted in 
199 of 743 inoculated plants. This gives the ratio of fully-necrotic 
plants to those not fully necrotic or showing no necrosis as about 1:2.7, 
a slightly closer approach to a 1:3 ratio than had been obtained with 
the Peking Green X Black Beauty hybrids. 

This second Solatium tnelongena hybrid confirms the conclusion 
reached from observation of the preceding form, that the necrotic re¬ 
sponse in this species is not fully dominant, but is probably of the 
nature of a Mendelian character, as in Nicotiana and Capsicum 
sf)ecies. 

DISCUSSION 

The characteristic of localizing tobacco-mosaic virus, because of its 
easy manipulation as an hereditary unit, may be a useful tool in 
attempting to gain an understanding of the nature of viruses. A 
plant that possesses the dominant character is able to restrain tobacco- 
mosaic virus from producing a systemic infection, although without 
this factor it would be unable to do so. It has been shown in another 
paper (5) that several distinct strains of tobacco-mosaic virus differ 
in degree of freedom to spread in systemic infection of young leaves. 
In an earlier paper (4, p. 341) it was shown that a similar situation was 
discernible in iodine-stained material of various hosts of the distorting 
strain of tobacco-mosaic virus. It has been shown by Kunkel (7) that 
the virus of aucuba mosaic is in many characteristics similar to that of 
tobacco mosaic, but it is restricted to necrotic primary lesions in N. 
sylvestris Spegaz. & Comes, in which tobacco-mosaic virus produces a 
systemic mottling. It appears that slight differences in strains of 
host plants, typified by the difference of a single genetic factor in the 
pepper, and slight differences in strains of virus which are in most 
respects similar, may both make differences in freedom of virus 
spread and even the difference between a localized necrotic infection 
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and one of systemic mottling. Physical or chemical characteristics 
of the virus, as well as of the host plant, are probably concerned in 
this relationship. 


SUMMARY 

Localization of tobacco-mosaic virus in Capsicum frutescens, the 
garden pepper, was found to be determined by a dominant Mendelian 
factor. In plants possessing this factor the virus increased in tissues 
at the site of inoculation and caused the appearance of numerous 
necrotic spots of small size, with early abscission of the inoculated leaf 
and subsequent healthy growth of the plant to maturity. The re¬ 
cessive allelomorph allowed systemic spread of virus, stunting of 
plant, mottling and distortion of leaves, and reduced yield of fruit. 

Somewhat similar genetic factors, determining necrotic response, 
were found in a number of Nicotiana species and in Solatium 
melongena. 
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Stock supplies of plant-disease viruses are at present maintained in 
several different ways. One common method is to preserve samples 
of filtered juice from infected plants in a frozen state in a refrigerator. 
This method is fairly satisfactory for the maintenance of viruses 
that retain their activity for reasonably long periods of time under 
such conditions. It is not satisfactory for all viruses, however, since 
many soon become inactivated, even when frozen. 

Another standard method of maintaining stocks is by inoculation 
of plants kept in greenhouses or in insect-proof cages. Pieces of tissue 
from such infected plants can be used at any time as a source of 
inoculum. The virus, under these conditions, is maintained in a 
state of active multiplication. Greenhouse or caged plants, however, 
require much space and special attention. Moreover, with plants 
grown in greenhouses or cages, the possibility of accidental contamina¬ 
tion by insect, human, or other agencies is always present. The 
purity of strains so maintained can, therefore, not be absolutely re¬ 
lied upon. Attempts have been made to grow host plants under 
isolated, aseptic conditions free from this danger, but the techniques 
so far developed are rather cumbersome. No simple reliable method 
of maintaining stocks of plant-disease viruses under conditions of 
known purity, free from danger of contamination, and in a state of 
active multiplication, has been developed to date. Such a method 
would obviously be of value, especially where many different viruses 
are being studied in the same laboratory. 

The active principle of several plant-virus diseases is known to be 

^ Published at the expense of The Rockefeller Institute for Medial Research 
out of the order determined by the date of acceptance of the manuscript. 
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present in the roots of plants systemically infected with these diseases 
and to increase in concentration with progress of time after infection. 
Since it has been shown that root tips of the tomato, a plant that is 
susceptible to many different virus diseases, are capable of growing 
apparently indefinitely in an isolated state under controlled environ- 
mentFjI conditions (32), it has seemed possible that such roots might 
prove to be excellent experimental material in which to maintain 
certain viruses under controlled conditions. Such cultivation of the 
viruses would depend (1) on the infected roots’ growing sufficiently 
well to maintain cultures, and (2) on the multiplication of virus in the 
roots. No marked symptoms have been observed in roots of diseased 
plants in spite of the presence and increase of virus in such roots. For 
this reason it has sometimes been supposed that multiplication of virus 
does not take place in roots, but that its presence and increase in roots 
may be due to accumulation of virus produced elsewhere in the plants. 
The work presented here was planned to test some of these pos¬ 
sibilities. 


EXPERIMENTAL 


The stem of a rapidly growing plant of Bonny Best tomato carry¬ 
ing a pronounced systemic infection with tobacco-mosaic disease was 
cut up into segments. These were thoroughly washed and so sus¬ 
pended, by single threads in 3-liter Erlenmeyer flasks containing a 
little water, that the cuttings did not touch either the flask or the 
water. The flasks were plugged with cotton and left on a laboratory 
table. Roots developed on the basal portions of the cuttings. After 
11 days, 18 root tips were carefully removed and placed in 125-ml. 
Erlenmeyer flasks, prepared as previously described (31). Each flask 
contained 50 ml. of nutrient. The nutrient used was prepared as 
previously described (32) and contained the following substances in 
the concentrations indicated: 


Ca(NO,), 

MgS04 

KNO, 

KCl 

KHjPOi 

Fe»(S04)» 

Sucrose 

Yeast (extract) 


0.60 millimols 
0.30 “ 

0.80 « 

0.87 “ 

0.09 « 

0.006 « 

2% (by weight) 
0 . 01 % 
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Of the 18 roots cultured, 7 became infected with bacteria and had to 
be discarded, 1 failed to grow, 2 made poor growth and were discarded, 
6 were accidentally infected with fungi, and 2 remained in good con¬ 
dition. Of the 6 contaminated roots, 2 succumbed, while 4 were 
recovered in an aseptic condition by cutting away and discarding the 
contaminated portions. There were thus 6 roots from which to build 
up a diseased clone. At the end of a week the 6 surviving cultures 
were cut into pieces approximately 10 mm. long; the apices were trans¬ 
ferred to fresh flasks together with such subapical pieces as were 
desired for additional cultures, and the discarded basal portions were 
tested for presence of virus by crushing and rubbing into leaves of 
Nicotiana glutinosa L. All 6 roots contained virus, the individual 
roots producing from 22 to about 500 lesions. A single root tip was 
selected for further study. It served as the parent stock from which 
all subsequent cultures were derived. 

The clone was allowed to grow under controlled laboratory con¬ 
ditions and was subcultured (32) at weekly intervals for a period of 
30 weeks. At the 4th passage it contained 50 cultures. This number 
was maintained through passages 4, 5, 6, and 7, after which enough 
roots were discarded to reduce the number to 25. The latter number 


was maintained through all subsequent passages. 

At the end of each of the first 4 passages, each culture was tested 
for presence of virus by inoculation of plants of Nicotiana glutinosa. 
In all passages thereafter, with the exception of the 20th and 30th, 
only every 5th culture was tested. The virus was present in each 
root tested in every passage, and although the titer, as shown by the 
mean number of lesions obtained per culture, varied quite widely 
from passage to passage, the observed variations were in general 
apparently related to differences in host-tissue growth rates brought 
about by external factors. This relationship is shown m figure 1. 

At the end of the 20th and the 30th passages, inoculations were 
made from cultures Nos. 5, 10, 15, 20, and 25 into plants of Nicotia^ 
tabacum L. and N. sylvestris Spegaz. and Comes to determine whe^er 
the virus was stiU capable of producing typical symptoms m these 
plants. At the same time, tissue from each root was inoculated into 
a leaf of N. glutinosa to determine whether virus was present in every 
culture At the end of 20 passages, inoculum prepared from every 
culture except No. 25 induced characteristic local lesions on 
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N. gluUnosa. Failure in this case was probably due to accidental 
failure to inoculate the test plant, since the infections produced by 
other pieces of the same root on plants of N. tabacum and N. sylvestris 
were fully systemic and showed no noticeable abnormalities. The 



2 4 e a 10 12 14 l« IS 20 22 24 26 20 30 

WEEKS I 


Fig. 1. Weekly variations in titer of tobacco-mosaic virus and aucuba-mosaic 
virus multiplied in growing isolated root tips and the simultaneous growth rates 
of healthy roots. The correspondence between the low increment rates from the 
12th to the 22nd weeks and the low virus titer obtained in these same weeks is 
evident. 

results obtained by tests made at the end of 30 passages confirmed 
those secured by inoculations from roots in the 20th passage. Thirty 
passages in growing isolated root tips had thus apparently left the 
virus unchanged in behavior. The theoretical multiplication of host 
tissue during 30 weeks is estimated to have been of the order 10** (32). 
Since the virus showed no consistent detectable diminution in titer in 
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this time, it is assumed that its increase had kept pace with the multi¬ 
plication of the host tissue. The virus is being maintained in further 
subcultures. 

Aucuba mosaic was cultivated in the same way through 25 weekly 
passages in root tips derived from a single cutting of a systemically 
infected plant. Virus was recovered from these roots by inoculation 
into Nicolidfid glutinosd at the end of every passage. At the end of 
20 passages, all roots were tested for the presence of virus by inocu¬ 
lation into N . glutinosdy and Nos. 5, 10, 15, 20, and 25 were tested for 
the characteristic symptoms on N. tdbdcum and N. sylvestris. The 
disease produced in these plants was typical in every instance. The 
infection on N, sylvesiris showed the characteristic necrotic local 
lesions without becoming systemic, while on N. iahdcum it was sys¬ 
temic and characterized by the usual mottling symptoms. The virus 
had apparently been unaltered by cultivation in isolated tissues 
through 20 passages, and, although not subsequently tested for symp¬ 
tom expression, was shown to be present after 25 passages. It is 
being maintained in further subcultures. 

Roots infected with each of these viruses were carefully examined 
for visible symptoms of disease. They were found to be as straight 
and clean, with as many and as uniform branches, as were the healthy 
ones. No macroscopic lesions, discolorations, distortion of tissue, 
change in manner of growth, or other symptoms of disease, could be 
observed. It is possible that a detailed histological study may dis¬ 
close the existence of symptoms not visible macroscopically, but it is 
a remarkable fact that agents that produce such marked distortion, 
discoloration, and stunting in the aerial parts of the plant as do these 
two viruses, should leave the roots, even when carrying large amounts 
of virus, apparently unaffected. Although growth rates are an un¬ 
reliable criterion for comparison, unless the different cultures to be 
compared are all derived from the same clonal parent, it is noteworthy 
that cultures of the clones carrying these viruses grew as rapidly and 
appeared in as good condition as did those of healthy clones that were 
being maintained during the time these experiments were in progress. 

Experiments were carried out to determine if virus grown in isolated 
roots escapes into the surrounding medium or can in fee t healthy roots 
when added to the medium and whether healthy roots become in- 
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fected when wounded in the presence of virus or when grown in the 
same flasks with and in contact with diseased roots. Four rapidly 
growing cultures infected with tobacco-mosaic disease were selected 
at the end of the 3rd passage, and a p 9 rtion of the nutrient from each 
flask was tested for presence of virus by rubbing into leaves of Nico- 
tiana gluHnosa. No lesions were produced by the nutrient from any 
of the 4, while the roots grown in these flasks produced 39, 40, 28, and 
253 lesions, respectively. Ten healthy roots, grown in media to which 
virus was added, did not become infected. In another group of ex¬ 
periments, 12 rapidly growing roots infected with tobacco-mosaic 
disease, in the 9th passage, were split lengthwise for about 2 mm. 
Pieces of healthy roots in the 36th passage (clone C, see 32) were then 
“threaded” through these diseased pieces. Both diseased and healthy 
fragments grew actively and at the end of 12 days the pieces were 
removed and tested separately for presence of virus. The originally 
healthy fragments in no case produced any lesions, while the originally 
diseased roots produced from 50 to 200 lesions each (average 114 
lesions) on comparable test plants. In still another experiment, roots 
in the 6th passage carrying tobacco-mosaic virus were placed in the 
bottom of a Petri dish and crushed with a glass spatula. Ten roots of 
a healthy clone in the 32nd passage were laid in the juice of these 
diseased tissues and repeatedly wounded with fine insect pins. They 
were then removed to fresh nutrient and allowed to grow for one week 
and subcultured and the discarded portions tested for virus. Five 
of the 10 roots survived and, when tested, produced a few (1 to 47) 
lesions on leaves of NicoPiana gluHnosa. At the end of the 2nd passage 
after inoculation, however, all of the 16 cultures obtained from the 5 
surviving roots were virus-free. In a second series of cultures, 10 
roots inoculated in the same way were likewise all virus-free in the 
second passage. Diseased clones of roots have not been established 
by direct inoculation. They have only been obtained by growing 
roots from systemically infected plants. Although the experiments 
performed are insufficient to warrant the conclusion that roots cannot 
be infected in these ways, it at least appears that the virus does not 
ordinarily escape from the diseased tissues into the medium, nor is 
the disease easily transferred to healthy roots by contact with dis¬ 
eased roots or with media to which virus has been added. Isolated 
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roots are evidently refractory material as far as inoculation by these 
methods is concerned. 


DISCUSSION 

It has been shown that the viruses of aucuba mosaic and tobacco 
mosaic will multiply actively in growing isolated root tips for periods 
of at least 25 and 30 weeks, respectively. It may be presumed that 
they can be so maintained indefinitely. The cultures can be kept 
under strict physiological control, are entirely free from danger of 
accidental contamination with other viruses, and require compara¬ 
tively little space. As a means of maintaining stock cultures of 
viruses, the method appears to present many advantages over methods 
previously in use. It would, of course, be dangerous to conclude that 
all plant-disease viruses can be so cultivated. 

The absence of symptoms of disease in the roots is worthy of note. 
It seems possible that this may have its explanation in the chlorophyll- 
free character of the host tissue used. The pathological picture or¬ 
dinarily associated with these diseases, the mottling, distortion, and 
stunting of the aerial parts of the plant, may be referred to the effects 
of the disease on the chlorophyll apparatus or to disturbances in 
metabolism resulting from injury to that apparatus. The roots used 
in these cultures were apparently free of chlorophyll. Photosynthesis, 
if occurring at all, was reduced to a very low level, far below that 
necessary for the maintenance of growth (30), but the requisite 
product of photosynthesis was supplied to the roots in adequate 
amounts in the form of sucrose added to the nutrient. The roots 
were thus freed from dependence on photosynthesis and hence from 
any injury that might be due to disturbance of this process. The 
fact that under the conditions described the roots showed no ill effects, 
although carrying considerable quantities of actively multiplying 
virus, would seem to suggest that the pathogenicity of these viruses is 
largely due to specific effects on the process of photosynthesis rather 
than to injurious effects on tissues in general. The increase of virus 
in these roots makes the hypothesis, sometimes advanced, that multi¬ 
plication of virus is dependent on the chlorophyll apparatus, seem 
untenable. 

The comparative ease of controlling the fxpn i mental conditions 
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under which the viruses multiplied in these cultures adds considerably 
to the importance of the method. All of the factors constituting the 
effective environment, insofar as they are understood, can be con¬ 
trolled (30,31). The method seems fav9rable for use in studies on the 
effects of temperature and light on the growth of viruses. The 
mineral nutrition may be varied in a much simpler manner than is 
possible when entire plants are used. The organic nutrition of the 
host tissues can be more easily controlled than by any other method 
at present available, since the normal products of photosynthesis can 
be varied at will without at the same time altering the external con¬ 
ditions that usually control their production. 

The cultivation of the viruses of tobacco mosaic and aucuba mosaic 
in growing isolated root tips is of interest from another point of view. 
During the last decade, a number of viruses of animal diseases, notably 
those of foot-and-mouth disease (Hecke, 16, 17, 18; Maitland and 
Maitland, 21), herpes (Andrewes, 1, 3; Haagen, 14; Parker, 22; Parker 
and Nye, 24; Rivers, Haagen, and Muckenfuss, 27), myxoma (Haagen, 
IS; Benjamin and Rivers, 4), vaccinia (Carrel and Rivers, 9; Li and 
Rivers, 19; Maitland and Laing, 20; Rivers and Ward, 25; Rivers, 
Haagen, and Muckenfuss, 26, 27, 28; Parker and Nye, 23), variola 
(Haagen, 13,14), “Virus III” (Andrewes, 1,2), fowl-pox (Findlay, 12), 
vesicular stomatitis (Carrel et al., 10), Rous sarcoma (Carrel, 5, 6, 7; 
Carrel and Ebeling, 8), pseudorabies (Traub, 29), the common cold 
(Dochez et al., 11), and others, have been multiplied in cultures to 
which living tissues have been added. In most cases, however, the 
media employed have been unsuitable for the indefinite multiplication 
of the host tissues. The viruses have, therefore, been transferred at 
each passage to fresh pieces of surviving tissue. In fact, the usual 
practice has been to use as inoculum not a fragment of infected tissue, 
but a small amoimt of supernatant after it has been freed of cells by 
centrifuging or by filtration. The nutrient used in cultures of plant 
viruses, while adequate for indefinite multiplication of the host tissues, 
is also simpler than that commonly used in cultures of animal viruses, 
since it contains no serum, broth, embryonic juice, tissue extract, or 
other complex organic constituents, with the exception of a very small 
amount of yeast extract. 
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SUMMARY 


A method has been developed for the cultivation of the viruses of 
tobacco mosaic and aucuba mosaic in isolated root tips grown in vitro. 
The viruses have multiplied actively under controlled, aseptic con¬ 
ditions, in the apparent absence of chlorophyll, and without the 
production of obvious symptoms. The method provides a simple 
means of maintaining stocks of these two viruses in a state of active 
multiplication, yet free from danger of contamination with other 
viruses. 
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